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Membrane Distillation (MD) is an emerging technology for seawater and brackish water 
desalination with ultra-high salt rejection and feasibility of utilizing low-grade waste energy. 
Compared with flat sheet membranes, hollow fiber membranes have relatively large specific 
surface areas. But the main drawback of the hollow fiber module in MD application is its low 
flux caused by poor flow dynamics and the resultant severe temperature polarization effect. 
Hence, the development of suitable hollow fiber membranes for MD process has gained great 
interest in recent year. In this thesis, the micro-morphology and macro-geometry of the 
hollow fiber membranes are investigated and carefully designed for direct contact membrane 
distillation (DCMD) and vacuum membrane distillation (VMD) processes. In addition, two 
MD based hybrid processes are also explored. 
 
Firstly, the micro-morphology of the hollow fiber membrane is designed to achieve both high 
permeation flux and excellent wetting resistance during MD operation. The desired micro-
structure of a MD membrane is analyzed and summarized at the beginning. It is proposed 
that a dual-layer hollow fiber consisting of a fully finger-like macrovoid inner-layer and a 
sponge-like outer-layer may effectively enhance the permeation flux while maintaining the 





 is obtained during the DCMD desalination experiments. Moreover, the liquid entry 
pressure (LEP) and long-term DCMD performance test show high wetting resistance and 
long-term stability. It is concluded that the enhancement in permeation flux arises from the 
coupling effect of two mechanisms; namely, a higher driving force and a lower mass transfer 




Beside the micro-morphology, it is found that the traditional single-bore hollow fiber (SBF) 
membranes can be easily broken due to its high porosity, large pore size and direct contact 
with the hot feed solution. Hence, the macro-geometry of the hollow fiber membranes is 
redesigned as the lotus-root-like multi-bore configuration. This multi-bore hollow fiber 
(MBF) membrane is fabricated via the specially designed spinneret and optimized spinning 
conditions. Various effects of spinning parameters are investigated on the membrane macro- 
and micro-structure, mechanical properties and DCMD performance. The tensile strength 
characterizations have proven the excellent mechanical rigidity and elasticity of MBF 
membranes. The performance of the DCMD of the MBF membrane is only slightly lower as 
comparable with that of SBF membranes. Moreover, the MBF membranes exhibit superior 
stability during the continuous DCMD experiment.  
 
The micro-structure of MBF membrane is also tailored for the VMD application. As 
compared with DCMD, a highly asymmetric membrane structure with tight liquid contact 
surface and fully porous cross-section is proposed and demonstrated to maximize the wetting 
resistance and VMD permeation flux. With comparable VMD performances, the MBF shows 
a much higher mechanical strength and wetting resistance than a SBF. Moreover, the MD 
performance of the VMD configuration is better as compared with the DCMD configuration. 
Investigations are carried on the various effects of VMD operational conditions on the VMD 
performance of the fabricated MBF membrane, including feed mode, feed flowrate and 




After the membrane design, the concept of a new hybrid desalination process comprising 
Freeze Desalination and Membrane Distillation (FD-MD) is demonstrated by using indirect-
contact freeze desalination (ICFD) and direct-contact membrane distillation (DCMD) 
configurations. By optimizing the FD operation, high quality drinkable water with a low 
salinity ~ 0.146 g/L has been produced in FD process. At the same time, in the MD 
experiment, ultra-pure water with a low salinity of 0.062 g/L is attained. Overall, by 
combining FD and MD processes, the hybrid FD-MD experiment has been successfully 
demonstrated. A high total water recovery of 71.9 % has been achieved. And the quality of the 
water obtained meets the standard for drinkable water.  
 
Lastly, the concept of polyelectrolyte-promoted forward osmosis–membrane distillation (FO-
MD) hybrid system is also developed and applied to recycle the wastewater containing an 
acid dye. By integrating these two processes, a continuous wastewater treatment process is 
established. To optimize the FO-MD hybrid process, the effects of PAA-Na concentration, 
experimental duration and temperature are investigated. Almost a complete rejection of 




io AA ,  outer and inner areas of hollow fiber membranes, respectively (m
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L  effective length of membrane modules (m) 
pf mm ,  mass flow rate of feed and permeate solutions, respectively (kg )   
wMw  molecular weight of water (kg mole
-1
) 
pf NuNu ,  Nusselt numbers of feed and permeate solutions, respectively  









, , mpmf PP  water vapor pressures at membrane surface facing feed and permeate 
side, respectively (pa)  
pf Pr,Pr  Prandtl numbers of feed and permeate solutions, respectively 
ssQ  total heat flux at steady state (W m
-2
) 
cQ  heat flux across membrane from heat conduction (W m
-2
) 




pf QQ ,  heat calculated from convective heat transfer coefficients of feed and 
permeate, respectively (W) 
lQ  latent heat flux from vaporization and condensation of water (W) 
mQ  heat transfer across the membrane (W) 
pf Re,Re  Reynolds numbers of feed and permeate solutions, respectively 
io rr ,  outer and inner radiuses of hollow fiber membranes, respectively (m) 
outfinf TT ,, ,  inlet and outlet temperatures of feed solution, respectively (°C) 
outpinp TT ,, ,  inlet and outlet temperatures of permeate solution , respectively (°C) 
mpmf TT ,, ,  average temperatures at membrane surfaces facing feed and permeate 
side, respectively (°C) 






the logarithm mean fraction of air in membrane pores, 
Greek symbols 
  membrane bulk porosity  
  thermal efficiency of hollow fiber membrane during DCMD test 









pf  ,  densities of feed and permeate solutions, respectively (kg m
-3
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CHAPTER 1: Introduction & Objectives 
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1.1 Membrane distillation and its historical development 
Membrane distillation (MD) is an emerging membrane technology based on a thermal or 
vapor pressure difference, in which only volatile vapor molecules are transported through the 
porous hydrophobic membranes. The liquid feed to be treated by MD must be in direct 
contact with one side of the membrane and is not allowed to penetrate inside the dry pores of 
the hydroponic membranes [1]. Illustrated in Figure 1.1, the hydrophobic nature of the 
membrane prevents liquid solutions from entering its pores due to the surface tension forces. 
As a result, liquid/vapor interfaces are formed at the entrances of the membrane pores. 
 
Figure 1.1 Illustration of vapour transport in a MD process [2]. 
 
 
The benefits of MD compared to other more popular separation processes stem from: (1) 
100% (theoretical) rejection of ions, macromolecules and other non-volatile compounds (2) 
lower operating temperatures than conventional distillation, (3) lower operating pressures 
than conventional pressure-driven membrane separation processes, (4) less demanding 
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membrane mechanical property requirements, and (6) reduced vapor spaces compared to 
conventional distillation processes [3-8].  
 
Membrane distillation (MD) is a relatively new process that is being investigated worldwide. 
An early form of MD was described by Bodell in a 1963 U.S. Patent application [9]. 
However, no results were presented then. The designed MD system consisted of a tank 
through which a brine solution was circulated around a parallel array of tubular silicone 
membranes. Bodell did not describe the structure of the membranes or their pore size, stating 
only that the membranes were vapor permeable and liquid impermeable [10]. Similar to air 
gap membrane distillation (AGMD), ambient air was blown through the lumens of the 
silicone membranes, and permeate vapor was condensed and collected in an external 
condenser [11].  
 
In 1967, Wevl proposed the concept of utilizing an ‘air-filled hydrophobic porous 
membrane’ to enhance the performance and efficiency of the MD process [11]. Based on this 
idea, a patent was filed with a direct contact membrane distillation (DCMD) configuration to 
eliminate the macroscopic air gap in Bodell’s apparatus. In Wevl’s new apparatus, a 3.2 mm 
thick PTFE membrane with an average pore size of 9 um and 42% porosity was employed. 
And a permeation flux of 1 LMH was reported [4]. 
 
However, the development of MD technology was highly constrained by the suitable 
membrane with good anti-wetting property and minimized vapor transport resistance. Poor 
results have been obtained with various materials, such as silicone coated glass fibers, 
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cellophane and nylon [12]. In 1980s, the MD process attracted many attentions credited to 
the advancement of membrane fabrication technology. Membranes with porosity as high as 
80% and thickness smaller than 50 µm were fabricated, which enhanced the MD 
performance dramatically. Companies and orgaizations like Gore and Associates (USA), 
Swedish Development Co. (Sweden) and Enka AG (Germany) did several trials to 
commercialize the processes. However, the commercialization was not fully realized until 
today due to the low heat transfer efficiency and low performance problem [13, 14].  
 
1.2 Current applications of MD 
1.2.1 Desalination 
Water is an abundant substance in the world, however, 97% is seawater and only 3% is fresh 
water. The availability of water for human consumption is continuously decreasing due to the 
environmental pollution and increasing world population [15]. According to the World 
Health Organization (WHO), about 2.4 billion people do not have access to basic sanitation 
facilities, and more than one billion people do not have access to safe drinking water. 
Moreover, the world’s population is expected to rise to nine billion in the next 50 years [16]. 
MD process was originally designed for the purpose of desalination. Subsequently, the study 
of MD process for seawater and brackish water desalination attracts the most interest from 
both academic and industry [17]. Although energy consumption in this process is quite high, 
the process is typically run at relatively low temperature (40 ºC-80 ºC) and thus can make use 
of waste heat or other relatively low grade heat sources [18, 19]. Hence, many of the MD 
researches proposed in the literature focus on utilization of low-grade alternative energy 




1.2.2 Treatment of NF and RO brine 
Owing to the unique heat and mass transport mechanism of the MD process, the water flux is 
less affected at high salt concentration [21]. Potential applications of MD process in 
treatment of seawater or brackish water brine generated from nano-filtration (NF) or reverse 
osmosis (RO) process have been evaluated by several research groups [22-26]. Positive 
results were reported by these papers [27]. The comparison between MD and RO processes 
showed higher water permeation flux at close-to-saturation brine solutions. Works were 
carried on both simulation and experiments [28, 29]. Moreover, the scaling of the inorganic 
salt crystals was the main concern in this application. Hence, studies were performed on the 
design of hollow fiber membranes which could perform better with NF or RO brine [30].   
  
1.2.3 Concentration of nonvolatile aqueous Solutions 
Investigations have shown the possibility of MD application for concentration of diluted non-
volatile acids such as sulfuric or phosphoric [31, 32]. In the work regarding sulfuric acid 
concentration, the initial solution was 16% H2SO4. The concentration process was carried out 
till the concentration of sulfuric acid in the solution reached about 40%. The obtained data 
indicated that the permeation flux decreased with an increase of acid concentration in the 
feed. The separation coefficient of sulfuric acid was above 98% for all the experiments [32]. 
Since the MD process was operated at relative low temperatures, people also utilized MD 
process to concentrate the nutritional fruit juice, include Kiwi, pear, black-current, cherry and 




1.2.4 Recovery of volatile compounds from aqueous solutions 
Substances more volatile than water transport easier across a hydrophobic microporous 
membrane; therefore, the permeate solution is enriched in these substances. These substances 
include volatile acid (i.e., HCl, HNO3), alcohols (i.e., ethanol, biofuel from fermentation 
process) and other volatile compounds (i.e., ammonia) [39-41]. However, it should be noted 
that limited by the mass transport mechanism, the separation efficiency of the MD process 
often follows the vapor-liquid equilibrium of a mixture of volatile compounds in aqueous 
solution. Studies were also carried to investigate the extraction of HCl from an HCl and 
H2SO4 mixtures [42].  
 
1.2.5 Removal of Boron and other water-borne contaminants 
Membrane technologies such as ultra-filtration and reverse osmosis (RO) are the widely used 
technologies in this field. In recent years, growing concerns are focused on the poor removal 
efficiency of the trace amount of harmful contaminants [43, 44]. For example, Boron-
containing compounds commonly found in the wastewater or saline water in Asia, North 
America and Australia are toxic [45]. However, the rejection of the toxic Boron-containing 
compounds in a reverse osmosis (RO) or electro-dialysis (ED) process is only 30-50%, which 
often causes the Boron concentration to exceed the World Health organization (WHO) 
standard for Boron content [45]. In order to mitigate this problem, extensive studies were 
performed on the exploration of other technologies for a better quality of potable water. As 
an emerging technology based on membrane technology but driven by thermal energy, MD 
demonstrated its superior performance in removal of boron, boron, dye, endocrine-disruptive 
chemical and many other contaminants [45-47]. Despite the excellent removal efficiency of 
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various contaminants, the MD technology has not proceeded into commercialization. The 
major difficulty lies at the lack of specially designed membranes with both high anti-wetting 
property and high permeation flux.    
 
1.3 Four configurations of MD 
Depending on the method used to induce the vapor pressure gradient across the membrane, 









Figure 1.2 Illustration of a DCMD configuration 
 
(a) Direct contact membrane distillation (DCMD): An aqueous solution with a lower 
temperature is in direct contact with the permeate side of the membrane. The trans-membrane 
temperature difference induces a vapor pressure difference. Consequently, volatile molecules 
evaporate at the hot liquid/vapor interface, cross the membrane in vapor phase and condense 











Figure 1.3 Illustration of a AGMD configuration 
 
(b) Air gap membrane distillation (AGMD): A stagnant air gap is interposed between the 
membrane and a condensation surface. In this case, the evaporated volatile molecules cross 









Figure 1.4 Illustration of a SGMD configuration 
 
(c) Sweep gas membrane distillation (SGMD): A cold inert gas sweeps the permeate side of 
the membrane carrying the vapor molecules and condensation takes place outside the 











Figure 1.5 Illustration of a VMD configuration 
 
(d) Vacuum membrane distillation (VMD): Vacuum condition is applied at the permeate side 
of the membrane module. The applied vacuum pressure is lower than the saturation pressure 
of volatile molecules in the feed solution. In this case, condensation may or may not occur 
outside of the membrane module. 
 
Among the four configurations, DCMD (the simplest to operate) is the most common for 
applications in aqueous environment, AGMD is employed to concentrate various non-volatile 
solutes whenever lower fluxes can be accepted, and SGMD and VMD are used to remove VOCs 
from aqueous solutions. Beside the four basic MD configurations, some new configurations 
with improved energy efficiency or better permeation flux were invented or proposed. One of 
the examples is multi-effect-MD process.  
 
1.4 Key challenges on the development of MD membranes 
One of major difficulties for the expansion of membrane MD processes to the emerging 
markets is the lack of appropriate high performance membranes. Without the development of 
a sufficient high performance membrane, MD may unlikely to materialize as a viable 
10 
 
alternative separation technique. Principally, one should screen and select materials to 
construct membranes which have superior flux, separation efficiency and thermal efficiency 
[49]. In addition, membrane materials with desirable physicochemical properties such as 
excellent hydrophobicity, good mechanical integrity, chemical resistance and thermal 
stability are needed for the long term durability in the harsh environment [50-52]. Among the 
materials investigated or utilized for MD, hydrophobic polymers are preferred and worthy or 
further study due to their superior advantages such as compactness, ease of fabrication and 
scale-up, lower material costs [2, 17]. 
 
The name 'membrane distillation' should be applied for membrane operations having the 
following characteristics [53]: 
‘- The membrane should be porous. 
- The membrane should not be wetted by the process liquids. 
- No capillary condensation should take place inside the pores of the membrane. 
- The membrane must not alter the vapor-liquid equilibrium of the different components in 
the process liquids. 
- At least one side of the membrane should be in direct contact with the process liquid. 
- For each component the driving force of this membrane operation is a partial pressure 
gradient in the vapor phase.’ 
 
1.5 Research objectives and thesis organization 
The main objective of this research is to explore the engineering and morphological designs 
of fabricating poly(vinylidene fluoride) (PVDF) hollow fiber membranes as novel MD 
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membranes for seawater desalination and designs of MD based hybrid desalination process. 
This will be studied through: 1) design of dual-layer hollow fiber with distinguished 
morphologies and MD membranes; 2) design and fabrication of lotus-root-like multi-bore 
hollow fiber (MBF) for DCMD process; 3) design and fabrication of highly asymmetric 
MBF membranes for VMD process; 4) exploring the feasibility of hybrid freeze desalination-
membrane distillation (FD-MD) process with PVDF hollow fiber membranes and 5) 
exploring the feasibility of hybrid forward osmosis-membrane distillation (FD-MD) process 
with PVDF hollow fiber membranes.  
 
This dissertation is organized and structured into nine chapters and a brief description of the 
coverage in each chapter is as follows. 
 
Chapter 1: A review on the importance of MD process and its four different configurations is 
presented. This chapter highlights the determining factors (i.e.  membrane material, structure 
and configuration) for the effective commercial implementation of MD technology. The 
research objectives of this work are emphasized. 
 
Chapter 2:  This chapter introduces the concept of the MD process which includes heat and 
mass transport mechanism, evaluation of membrane performance, design and engineering 
principles for polymeric membranes from aspects of membrane preparation, membrane 
morphology and structure. The recent progress in membrane and material developments for 




Chapter 3: The experimental techniques employed in the entire research progress are 
described. The materials, membrane preparation procedures, DCMD and VMD experiments 
and membrane characterization are addressed in details. 
 
Chapter 4: It presents the novel developed dual-layer PVDF-composite hollow fiber 
membranes with desirable membrane morphology and desalination performance for DCMD 
desalination process. It is proposed that a dual-layer hollow fiber consisting of a fully finger-
like macrovoid inner-layer and a sponge-like outer-layer may effectively enhance the 
permeation flux while maintaining the wetting resistance. The liquid entry pressure (LEP) is 
used to investigate the membrane wetting resistance. Temperature profile and apparent 
diffusivity of the membranes are presented at last.  
 
Chapter 5: This chapter presents a novel PVDF multi-bore hollow fiber (MBF) membrane 
with a lotus root-like geometry for DCMD process. The MBF spinning conditions including 
bore fluid composition, dope formulation and post treatment methods are optimized in an 
attempt to fabricate the MBF membrane with the proposed structure. The various membrane 
properties including morphology, bulk porosity, tensile strength, burst pressure and VMD 
performance are presented. Various effects of bore flowrate, dope flowrate and take-up speed 
are investigated on the membrane macro- and micro-structure, mechanical properties and 
DCMD performance.  
 
Chapter 6: This chapter presents the tailoring of PVDF multi-bore hollow fiber (MBF) 
membrane for the VMD process. A highly asymmetric membrane structure with tight liquid 
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contact surface and fully porous cross-section is proposed to maximize the wetting resistance 
and VMD permeation flux. Various effects of VMD operational conditions, including feed 
mode, feed flowrate and permeate side vacuum level are also investigated on the VMD 
performance of the fabricated MBF membrane. 
 
Chapter 7: In this chapter, the concept of a hybrid desalination process comprising Freeze 
Desalination and Membrane Distillation (FD-MD) is demonstrated by using indirect-contact 
freeze desalination (ICFD) and direct-contact membrane distillation (DCMD) configurations. 
The FD operation parameters including the usage of nucleus, operation duration and feed 
concentration are optimized.  
 
Chapter 8: In this chapter, the concept of a hybrid membrane process comprising Forward 
Osmosis and Membrane Distillation (FO-MD) is presented employing polyelectrolytes as a 
novel draw solute to recycle the wastewater containing an acid dye. To optimize the FO-MD 
hybrid process, the effects of PAA-Na concentration, experimental duration and temperature 
are investigated.  
 
Chapter 9: A summary of the key conclusions derived from this study is presented and the 
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2.1 Membrane development for MD 
2.1.1 Membrane materials 
Since the hydrophobic character of the membrane is the prior requirement in MD, 
membranes have to be made of intrinsic or modified hydrophobic polymers with a low 
surface energy. The most popular hydrophobic polymers applied in the MD include 
Polytetrafluoroethylene (PTFE), Polypropylene (PP) and Polyvinylidene fluoride (PVDF). 
Table 2.1 lists the surface energy and thermal conductivities of these materials.  
Table 2. 1 Surface energy and thermal conductivity values of three polymer 














PTFE 9-20 0.25 
PP 30 0.17 
PVDF 30.3 0.19 
 
PTFE has a lowest surface energy of 9.1 × 10 N/m. It is a highly crystalline polymer 
which shows excellent thermal stability and chemical resistance.  
 
PP similar to PTFE has a highly crystalline structure but has higher surface energy 
compared to PTFE (30.0 × 10 N/m). These two polymers have very low solubility 
practically in all common solvents. Therefore, micro-porous membranes cannot be 
fabricated via phase inversion method, but by sintering and stretching methods. Between 
the two methods, stretching is favored due to the high porosity and relatively uniform 
porous structure. In a stretching approach, films are obtained by extrusion of polymeric 
materials at temperature slightly lower than their melting point coupled with a rapid draw 
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down. After annealing and cooling a mechanical stress is applied perpendicularly to 
direction of drawing. This manufacturing process gives a relatively uniform porous 
structure. The average pore size can be controlled in the range of 0.2-20 μm. Figure 2.1 
shows a micro-porous PP hollow fiber membrane fabricated with a dry-stretching process.   
 
Figure 2.1 Image of a micro-porous PP hollow fibre fabricated with a dry-stretching 
process [1]. 
 
PVDF is a semi-crystalline polymer with a surface energy of 30.3 × 10 N/m and very 
good thermal and chemical resistance. This polymer can easily be dissolved in common 
solvents such as N-Methyl-2-Pyrrolidone (NMP), Dimethylacetamide (DMAC) and 
Dimethylformamide (DMF). Therefore, PVDF membranes can be fabricated through 
phase inversion process through which by controlling the fabrication parameters such as 
polymer solution concentration, type of coagulants and additives, spinning temperatures, 




Beside the intrinsic hydrophobic mono-polymer or co-polymer, MD membranes can also 
been made from the hydrophobic modification of several hydrophilic polymer materials. 
 
Figure 2.2 SEM Image of a PVDF micro-porous membrane fabricated from a phase 
inversion method [2]. 
 
For example, hydrophilic ultrafiltration PES membranes were converted into hydrophobic 
membrane for MD using CF4 plasma surface modification [3]. The plasma modification 
increased the contact angle of the membranes to around 120º. The authors also reported 
the stable membrane performance with no leakage and high salt rejection. Cheng and 
Wiersma modified a hydrophilic cellulose acetate membrane via radiation graft 
polymerization of the membrane via plasma polymerization of vinyl tri-methyl 
silicon/carbon tetra-fluoride and octa-fluoro-cyclo-butane [4]. Similarly, Kong et al. 
modified a cellulose nitrate membrane via plasma polymerization of both vinyl-tri-methyl-
silicon/carbon tetra-fluoride and octa-fluoro-cyclo-butane. In both cases, the hydrophilic 




Figure 2.3 SEM images of a) original and b) plasma modified cellulose nitrile 
membrane [5]. 
 
Meanwhile, the blend of PVDF polymer and super-hydrophobic particles were also used 
as the materials for MD membranes [6, 7]. Teoh and Chung incorporated PTFE micro-
particles into the PVDF polymer solution [7, 8]. The formed membranes showed high 
contacts around 130º. In another work, Edwie et al. blended self-synthesized fluorinated 
silica (FSi) with PVDF polymers [9]. The fabricated membranes showed a super 
hydrophobic property with a contact angle of 147.5º, and it performed well in 5 days’ 
continuous DCMD experiments.   
 
The use of copolymers in dope solutions were reported to prepare MD membranes with 
enhanced hydrophobicity and/or mechanical strength. Arcella et al.  (1999) used 
HYFLON AD , the copolymers of tetrafluoroethylene (TFE) and 2,2,4-trifluoro-5-
trifluoromethoxy-1,3-dioxole (TTD) to prepare asymmetric membranes showing contact 
angles > 120 º[10]. In another work, Garcio-Payo et al. fabricated a series of hollow fiber 
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membranes using Poly (vinyldiene fluoride-co- hexafluoropropylene) (PVDF-HFP) 
polymer [11]. 
 
Figure 2.4 Distribution of clay particles in a PVDF-clay mix-matrix hollow fibre 
membrane [6]. 
 
2.1.2 Membrane configurations 
There are two common types of membrane configurations: 
 Hollow fiber membrane mainly prepared from PP, PVDF, and PVDF-PTFE composite 
material [12-14];  
 Flat sheet membrane mainly prepared from PP, PTFE, and PVDF [15, 16]. 
 
Compared with flat sheet membranes, hollow fiber membranes have relatively large 
specific surface areas [17], but the main drawback of the hollow fiber module is its 
typically low flux [18-20]. The low flux is attributed to its poor flow dynamics and the 
resultant severe temperature polarization. However, high-flux hollow fiber membranes 
with different features suitable for membrane distillation are under deployment [21]. This 
flux is as high as that from flat sheet membrane. Therefore, hollow fiber is chosen as the 
configuration to be studied in this work. 
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2.1.3 Recent progress in MD membrane development 
The structure and chemistry of membranes for Membrane Distillation (MD) are critical to 
achieve high and stable MD performance. The membranes need to be specifically 
designed to maximize the vapor transportation while minimize the risk of membrane 
wetting or fouling. It has been pointed out that the membrane should be very porous, but it 
should not be wetted by the contacting liquids or contaminants under the pressure applied. 
Meanwhile, no capillary condensation should occur within the MD membrane pores [22].  
 
The development of spinning techniques for dual-layer hollow fiber membranes is a big 
innovation for membrane fabrication. Emerging applications of dual layer hollow fiber 
membranes include gas separation, forward osmosis and facilitated transport membranes 
consisting of a dense selective layer and a porous support layer [23]. In the field of MD 
membrane fabrication, the dual-layer hollow fiber technology was introduced to produce 
the hydrophilic/hydrophobic membranes. This concept of dual hydrophilic/hydrophobic 
membranes was initially introduced in the early 90’s to reduce the temperature 
polarization effect for DCMD process [24, 25]. Prior to the hollow fiber configuration, the 
flat-sheet dual-layer MD membranes were fabricated by hydrophobic surface modification 
of current hydrophilic membranes, i.e., the deposition of CF4 or other fluorine compounds 
on the PES UF membrane [5]. Matsuura and his co-workers have worked on surface 
modified macromolecules (SMM), where the hydrophobic and hydrophilic segments of 
the SMM move to top and bottom parts of the membranes during the phase inversion 
processes [24, 25]. Chung and his membrane team pioneered the works on dual-layer 




Figure 2.5 The schematic illustration of a hydrophobic/hydrophilic dual-layer hollow 
fiber fabricated for DCMD [22]. 
 
Bonyadi and Chung fabricated the dual-layer PVDF/PAN hollow fiber [22]. The authors 
used PVDF/ hydrophobic clay as the hydrophobic layer material, while a blend of PVDF/ 
and PAN/hydrophilic clay was used as the hydrophilic layer material. The use of polymer 
blend was to avoid the layer-layer shrinkage during co-extrusion process of dual-layer 
hollow fibre spinning. In another work, Su et al. further studied the effect of hydrophilic 
layer thermal conductivity on the DCMD performance from both aspects of experiments 




Figure 2.6 Outer surface morphologies of hollow fibers from: A normal spinning and 
B dope-solvent co-extrusion method [13]. 
 
Polymer dope/solvent co-extrusion method is an advanced hollow fiber spinning process 
to fabricate membranes with very high surface porosity and controlled pore size and pore 
size distribution [13, 27]. In this approach, the dope solution and the solvent are co-
discharged from the middle and outer channels of a triple orifice spinneret, respectively. 
Then, the two-phase flow goes through an air-gap region and finally before entering the 
coagulation bath. Bonyadi and Chung employed this technique for making PVDF hollow 
fibers for MD process [13]. It was observed that the introduction of the two-phase flow 
greatly increased the outer surface porosity of the PVDF fibers and eliminated the 
formation of macrovoids in the cross-section of the fibers as well. The fluxes of the fibers 
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spun through the solvent-dope solution co-extrusion were two to three times higher than 
the standard dry jet wet-spun fibers.  
 
Owing to the characteristics of the electro-spinning process, the membranes assembled 
from the electro-spun nanofibers have a non-woven like structure, which has the potential 
of high porosity and highly inner-connected pore structure [28-33]. Matsuura and his co-
workers investigated the processing of PVDF nano-fibres for GMD and DCMD process 
[28, 33, 34]. From the SEM image shown in Figure 2.7, the morphology of electro-spun 
membranes was highly suitable for a MD application.  
 
Figure 2.7 Morphology of an electro-spun PVDF membrane for MD process [28]. 
 
In the subsequent work, Prince et al. fabricated PVDF-hydrophobic clay nano-composite 
membranes using electro-spinning process. The addition of clay nano-particles in the 
electro-spun fibers increased the contact angle of MD membrane to 154.20º [28]. 
 
2.2 Membrane wetting  
According to the described MD mechanism, the hydrophobic membrane pores need to be 
maintained dry during the whole MD operation. In the case of the liquid stream penetrates 
into the membrane pores or vapor condensation occurs in the membrane pores, wetting 
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phenomenon occurs. The anti-wetting property of a membrane was qualitatively indicated 
by the liquid entry pressure (LEP). This critical penetration pressure is calculated based on 
the membrane material, pore size and surface morphology. The calculation was based on 








                                                                                                    (2.1)  
where B is a geometric factor determined by the pore structure, L  the liquid surface 
tension and θ is the liquid/solid contact angle and maxr  the diameter of largest pore in the 
structure. 
 
2.3 Heat and mass transfer in MD process  
MD is a thermal-driven transport process where a membrane is used as a barrier to 
separate distillate water from the feed solution. During the operation, water from the hot 
feed vaporizes at the membrane feed side, transports through membrane pores and finally 
condenses at the permeate side or external condenser. Hence, the heat transport is coupled 
with mass transfer in MD operation. 
 
Here the heat transfer of a DCMD process with a hollow fiber configuration is illustrated 
as an example. In a DCMD configuration, the condensation of water vapour is induced by 
the cold water stream in the distillate side. Generally, the vapour diffusion in the MD 
membrane is described by the equation 2.2. Clearly, the permeation flux is dependent on 
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both the driving force (vapour pressure difference) and vapour transport resistance [36, 
37]. 













                                                                   (2.2) 
where 
w
N  is the permeation flux, 
w
Mw is the molecular weight of water, lmY is the logarithm 
mean fraction of air in membrane pores, 
o
r  and 
i
r are the respective outer radius and inner 




 is the diffusion coefficient of water 
vapour in air,  is the pore tortousity and 
*
,mf
P  and 
*
,mp
P  are the vapour pressures at the 
membrane surfaces facing feed and permeate sides, respectively.  
 
Due to the conductive heat and the latent heat evolved from vaporization and condensation, 
the driving force of water transport across the membrane gradually decreases. The steady 
state heat flux (
ss
Q ) across the hollow fiber membrane can be expressed as the boundary-
layer heat transfers using the convective heat transfer coefficients as follows [38]: 
 
)TT(AhQQ m,ffoffss                                                                                             (2.3) 
)( , pmpippss TTAhQQ                                                                                                  (2.4) 
where Q denotes the heat flux at the boundary layer, h is the heat transfer coefficient, T  
is average temperature at the bulk solution, mT is the average temperature at the membrane 
surface. The subscripts f and p represent feed and permeate sides, respectively. 
o
A  and 
i




The heat transfer coefficients at feed and distillate (permeate) sides can be calculated 
using the empirical correlations as shown by equation 2.5-2.7: 
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                        (2.6b) 
 
For laminar flow at the tube side [41, 42]: 



































                     (2.7b) 





the Reynolds numbers, Pr is the Prandtl numbers, f and p denote the feed and permeate 
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sides, respectively, L is the module length and 
o
D  and 
i
D are the outer and inner 
diameters of the hollow fiber membrane, respectively. 
 
For the desalination application of the MD process at higher salt concentration, the 
permeation flux is also affected by the concentration polarization (CP) effect as counted 













                                                                                                        (2.8) 
where 
brine
  is the density of brine solution, 
NaCl
k  is the mass transfer coefficient of NaCl 








 are the NaCl concentrations near 
membrane surface and in the bulk solution of the brine side, respectively. 
 
Transport mechanism of spun fibers can be indicated by Knudsen number, where Knudsen 
number (Kn) is defined as ratio of mean free path of water in air (λw-a) to the average pore 
diameter of membrane (dp) [44].   
 






















                                                   (2.9) 
Where  is the Boltzman constant,  is the mean membrane temperature,  is the total 
pressure, and  and  are the collision diameters and molecular weight of 




When 0.01<Kn<1, Knudsen diffusion is the only transport mode. When 1<Kn<100, there 
will be a combination of Knudsen and molecular diffusion in series. And for the case 
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3.1 Design and engineering principles for polymeric MD membranes 
3.1.1 Polymer 
Commercially available Polyvinylidene fluoride (PVDF), Kynar HSV 900 (specific 
gravity = 1.77, Tg = -38 ºC) purchased from Arkema Inc and Kureha PVDF#1300 resin, 
was kindly provided by Kureha Corp [1] were used as the membrane material in this 
research study. The polymer was dried in a vacuum oven at 80 ºC overnight prior to use.  
 
3.1.2 Inorganic additives  
The hydrophobic clay particles Closite 20A were purchased from Southern Clay 
(Gonzales) while PTFE particles (<1 µm) and Lithium chloride (LiCl, >99.0%) were 
supplied by Sigma–Aldrich. They were used as the fillers for PVDF polymer dopes to 
improve the mechanical strength and hydrophobicity of the nascent membranes. Fillers 
were dried at 80 ºC in a vacuum oven overnight before use. 
 
3.1.3 Organic solvents 
N-methyl-2-pyrrolidone (NMP), employed as the solvent for polymer dope preparation, 
was supplied by Merck with analytical grade. Isopropanol (IPA) were purchased from 
Merck and utilized as non-solvent as components in the external coagulant for hollow 
fiber membrane fabrication. Ethylene glycol (EG, >99.5%), PEG 400, LiCl, Pronic acid 
were used as the pore-forming agent in the polymer dope was purchased from Sigma-




3.2 Polymer dope preparation 
For the polymer dope preparation, a desired amount of dehydrated PVDF powder was 
dissolved in NMP. To prepare a dope with nonsolvent additives, the homogenous NMP 
and nonsolvent mixture was under stirring at ambient temperature before adding the pre-
determined amount of polymer/filler powder. The polymer solution was then subsequently 
stirred at 50 ºC for 24h to ensure complete dissolution of the polymer in NMP. The 
PVDF/NMP/nonsolvent mixture was stirred at room temperature for 24 h. The polymer 
dope compositions vary depending on the properties of the dopes and will be described in 
each chapter individually. 
 
3.3 Hollow fiber membrane fabrications 
The dope solution spinning and non-solvent induced phase inversion processes were 
adopted in this study to fabricate hollow fiber membranes with either pristine PVDF or the 
PVDF/filler composite membrane materials. Figure 3.1 illustrates the schematic diagram 
of lab-scale hollow fiber spinning line applied in this research and the enlarged picture of 
extruded nascent fiber at the outlet of the spinneret. The real pilot scale spinning line was 
supplied by the Motianmo Technology Ltd. Company from Tianjin, China. The detailed 
experimental set-up and procedures have been documented elsewhere [2].  
 
Driven by the ISCO syringe pump, the dope solutions were extruded through the 
respective channels of the spinneret and exited at the orifices to form the nascent hollow 
fibers, while a bore fluid was extruded at the same time from the center channel of the 
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spinneret to form the bore. Before entering the chamber of the spinneret, the fluids went 
through a package of 40 μm sintered metal filters (Swagelok®).  
 
Figure 3.1 Schematic of hollow fiber spinning process 
 
After extruding out of the spinneret, the nascent polymeric fibers first experienced the air-
gap region before entering the coagulation bath comprising of water or alcohol/water 
mixtures. The fibers were then solidified by the diffusive removal of the solvent and/or 
addition of non-solvent in the coagulant bath. Lastly, the as-spun fibers were then 
immersed in water for at least 3 days to ensure thorough removal of residual solvent and 
dissolvable additives. Subsequently, some of the hollow fibers were dried in a Freeze-
dryer (Thermo Electron Co. Modulyo D-230) with vacuum for 24 h, while others were 
dries with a two-step solvent exchange drying with IPA and hexane. The details on 
spinning parameters, conditions and other post-treatment methods employed for different 




3.4 Membrane characterization 
3.4.1 Scanning electron microscope (SEM) 
The cross-section, inner and outer surface morphologies of hollow fiber membranes were 
observed using optical microscope (Olympus), scanning electron microscopy (SEM JEOL 
JSM-5600LV) and field emission scanning electron microscopy (FESEM JEOL JSM-
6700LV). The samples for the cross-section characterization were immersed and fractured 
in liquid nitrogen. After adhering all the specimens on the stub using a double-side 
conductive carbon tape, the specimens were further dried under vacuum overnight. All 
samples were coated with platinum using a sputtering coater (JEOL LFC-1300) before 
characterization. 
 
3.4.2 Energy dispersion of X-ray (EDX) 
X-ray energy dispersive spectrometry (EDX Oxford INCA) equipped with Scanning 
Electron Microscope (SEM JEOL JSM-5600LV) was used to analyze their surface 
elemental content. The mapping mode was applied to detect the existence of certain 
elements as well as to examine the elemental distribution profile; the area-scan and line-
scan spectrums were performed on the composite hollow fiber‘s cross-section. 
 
3.4.3 Contact angle measurements  
The dynamic contact angle, θ, was measured with a KSV Sigma 701 tensiometer (± 0.01°, 
KSV Instruments Ltd., Finland) through a force tensiometry method at 25 °C. During the 
tensiometry measurement, a high sensitivity micro balance was utilized to measure the 
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interfacial force when the sample fiber was brought into contact with water. Then, the 
dynamic contact angle was calculated by a software module with the fiber geometry.  
 
3.4.4 Mechanical property measurements    
The mechanical properties of fibers were measured by an Instron tensiometer (Model 
5542, Instron Corp.). A constant elongation rate of 10 mm min
-1
 with a starting gauge 
length of 50 mm was applied. For each spinning condition, ten fiber samples were tested 
so as to ensure the accuracy.  
 
3.4.5 Overall porosity measurements 






                                                                                           (3.1) 
where  fiberV  denotes the fiber volume, fiberm  represents the fiber weight and  stands for 
the density of the fiber material. fiberm  was measured by an accurate beam balance (A&D, 
GR-200). fiber  was measured by a multi pycnometer (Quantachrome MVP-D160-E) 
under helium purging at 20 psi. For each sample, 10 measurements were carried out and 
an average was adopted. 
 
3.4.6 LEP measurements     
The liquid entry pressure (LEP) was measured to examine the membrane wetting 
resistance. The homemade set-up for LEP test is shown in Figure 3.2. A 200 ml stainless 
steel test tube, which can sustain high pressure, was used as the reservoir for testing 
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solution (3.5 wt% NaCl solutions). A digital pressure gauge (Range: 0-2 bar, ±0.001 bar, 
Wika) was installed on top of the tube.  
 
Figure 3.2 A laboratory-scale set-up for LEP measurement 
 
To conduct the measurement, a hollow fiber module was prepared by sealing one end of 
the fiber with epoxy whereas leaving the other end open. During testing, compressed N2 
was connected to the tube to generate the hydraulic pressure. The outlet of the tube was 
connected to the lumen side of the hollow fiber module. The whole module was put in a 
beaker of deionized water. The hydraulic pressure was increased with a step of 0.1 bar. 
The conductivity of the water in the beaker was monitored by a conductivity meter Lab 
960 meter (0-500 ms cm
-1
, ± 0.1 µs cm
-1
, SCHOOT instrument) and it was monitored for 
10 mins at each applied pressure. Ultimately, the pressure at which the conductivity of the 




3.4.7 DCMD desalination experiments 
The DCMD desalination experiments were carried out to evaluate the permeation flux at 
different conditions. Before the experiments were conducted, the testing modules were 
fabricated by assembling predetermined number of fibers into a plastic tube of 3/8 in. 
diameter, with both ends sealed by epoxy. The number of fibers in each module was 




Figure 3.3 The drawing of a laboratory-scale DCMD set-up 
 
A lab-scale DCMD set-up is shown in Figure 3.3. A 3.5 wt% NaCl solution was used as 
the feed whereby ultra pure water was employed as the permeate. The inlet temperature of 
the feed solution was maintained at the target value by a temperature circulator (F12, 
Julabo), while the inlet temperature of the permeate stream was kept at 17.0 °C by a water 
cooler (RT7, Thermal Scientific). The feed solution was circulated by a centrifugal pump 
to the shell side of the membrane module while a rotary pump circulates the permeate 
solution to the lumen side of membrane module. The flow rate of feed and permeate 
solutions were kept at certain values, respectively.
 
To monitor the temperature variation 
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during the test, four digital thermal couples with accuracy of 0.1 °C were installed at the 
inlets and outlets of feed and permeate streams, respectively. The ionic conductivity of the 
permeate stream was measured before and after the DCMD test, using the conductivity 
meter to ensure that there is no occasion of leakage.  
 
The permeation flux for each feed temperature was calculated based on the outer surface 








                                                                                       (3.2) 
where wN is the permeation flux, W is the permeation weight collected over a 
predetermined time duration ( t ) and oA  is the effective permeation area calculated based 
on the outer diameter of hollow fiber. 
 






R                                                                            (3.3) 
 










                                                                                               (3.4)                                                                           
where 
m
  is the latent heat of water vaporization evaluated at the average membrane 
temperature, 
p




 is the average 
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are inlet and outlet 
temperatures of the bulk permeate solution, respectively. 
                                                                          
where 
m
  is the latent heat of water vaporization, fm  is the mass flow rate of the feed 
solution, fpC ,  is the average specific heat capacity of the feed solution, inlT , and outlT , are 
inlet and outlet temperatures of the bulk lumen and shell side solution depending on the 
configuration, respectively. 
 


























Figure 3.4 The drawing of a laboratory-scale VMD set-up 
 
The VMD experiments were carried out to evaluate the permeation flux and thermal 
efficiency (EE) of the MBF membranes at different operation conditions. Prior to the test, 
the membrane modules were fabricated by assembling a predetermined number of fibers 
into a plastic tube of 1/2 inch outer diameter, with both ends sealed by epoxy.  
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Figure 3.4 shows the experimental apparatus for the characterization of VMD 










Figure 3.5 The two configurations of the VMD module 
 
Figure 3.5 illustrates the two module configurations investigated during the VMD 
experiments; namely, 1) feed in shell side and 2) feed in lumen side. A model seawater 
containing 3.5 wt% NaCl was used as the feed. The inlet temperature of the feed was 
maintained at the target value by a temperature circulator (F12, Julabo) with the aid of 
mechanical stirring. The feed was circulated by a rotary pump to the lumen/shell side of 
the membrane module. To monitor the temperature variation during the test, two digital 
thermocouples with an accuracy of 0.1 °C were installed at the inlet and outlet of the feed 
stream. The permeate stream of VMD experiments was collected individually using cold 
traps immersed in liquid nitrogen, while the vacuum level was maintained by a vacuum 
pump (Edwards, RV5). The downstream pressure was controlled by a needle valve 
connected to the vacuum pump. A vacuum gauge (Vacuubrand, DRV2) was installed at 




Prior to the sample collection, the VMD permeation system was conditioned for 0.5 h 
using the first cold trap. The sample was collected at 0.5 h interval by the second cold trap 
and weighed by an accurate beam balance (A&D, GR-200, 0.0001g). The sample was 
allowed to melt naturally and the salinity was measured by a conductivity meter Lab 960 
meter (0-500 ms cm
-1
, ± 0.1 µs cm
-1
, SCHOOT instrument). For each sample, 3 
measurements were carried out and an average was reported. 
 
The permeation flux for each feed temperature was calculated based on the outer surface 








                                                                                       (3.5) 
where wN is the permeation flux, W is the permeation weight collected over a 
predetermined time duration ( t ) and oA  is the effective permeation area calculated based 
on the outer diameter of hollow fiber. 
 









                                                                                              (3.6)                                                                           
where 
m
  is the latent heat of water vaporization evaluated at the average membrane 
temperature, fm  is the mass flow rate of the permeate solution,  f,pC  is the average 
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specific heat capacity of the permeate solution, in,fT and out,fT are inlet and outlet 
temperatures of the bulk permeate solution, respectively. 
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CHAPTER 4: Morphological Design of Dual-Layer Hollow 




4.1 Introduction  
Water, a necessity to daily life, is currently in great deficiency because of the rapid growth 
of global population and the accelerated industrialization and urbanization [1].  To 
mitigate the water crisis, the desalination and wastewater reclamation processes have been 
studied extensively in past years [2]. Among the developed technologies, membrane 
distillation (MD) shows a promising perspective credited to its large membrane contact 
area, high salt rejection, small foot print and mild operation conditions [3, 4]. Furthermore, 
as compared with other desalination technologies like multi-stage flash distillation (MSFD) 
and reverse osmosis (RO), MD is capable of integrating with various renewable energy 
sources such as solar energy, geothermal energy and waste heat source [5]. However, at 
present, the application of MD process is still challenging in the real industry application, 
mainly due to the low permeation flux, high risk of membrane wetting and long term 
operation instability [6, 7].  
 
As a coupled mass and heat transfer process, the effective driving force of MD process is 
the vapor pressure difference between the feed and permeate interfaces. Unlike other 
membrane separation processes, improvement of permeation flux for a MD membrane can 
be ascribed to two possible mechanisms: namely, improvement of mass transfer 
coefficient and enhancement of effective driving force. For the first mechanism, MD 
membrane structure should be tailored in an attempt to reduce the mass transfer resistance. 
This can be attained by fabricating membranes with large mean pore size and porosity, 
open-cell pore structure, thin functional layer and small tortuosity. Through the second 
mechanism, the thermal conductivity of the membrane needs to be minimized so as to 
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achieve a higher driving force. It can be reduced by increasing the membrane porosity, 
since the conductivity of filled air in membrane pores is much lower than the polymer 
matrix [8]. Generally, trans-membrane flux increases linearly with porosity due to 
coupling effects of both mechanisms [9].  
 
Recently, Bonyadi et al. invented a creative idea by utilizing the solvent-dope co-extrusion 
method to enhance the membrane bulk and surface porosity [10]. The resultant 




 at 80 °C using a feed brine 
solution. In another work, by fabricating the single-layer hollow fiber membranes with 
finger-like macrovoids, Wang et al. reported that the fabrication of membrane with 
macrovoids is an effective way for flux enhancement attributed to high porosity and low 
tortuosity which allows fast diffusion of water vapor [11]. A remarkably high permeation 




 was achieved at 80 °C feed. Apart from improving permeation flux, 
the macrovoid structure also has potential on energy recovery improvement ascribed to its 
excellent thermal insulation because of air-filled macro pores. However, the impact of the 
macrovoid structure on membrane wetting and long-term stability is still a concern [11, 
12]. 
 
During the continuous direct contact MD (DCMD) operation, there is the risk of wetted 
membrane pores by vapor condensation or liquid penetration into the membrane matrix. 
The partially wetted pores could increase conductive heat loss and consequently reduce 
the thermal efficiency. At a worst situation, entirely wetted pores would result in the 
completely loss of membrane selectivity when the feed and permeate solutions at both 
streams in direct contact [13]. Therefore, wetting of membrane pores should always be 
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avoided. To improve the wetting resistance, a membrane of high hydrophobicity and 
uniformly distributed pores with high tortuosity is highly desired [7-8, 10-11, 14]. 
Qtaishat et al. modified the polyetherimide (PEI) asymmetric flat membrane by using 
fluorinated surface modifying macromolecules (SMM) to increase the membrane 
hydrophobicity [15, 16]. The contact angle of their modified membrane increased by more 
than 10° and the wetting resistance was also found to be improved greatly. On top of 
material hydrophobicity, a membrane matrix with a fully sponge-like structure can 
amplify the wetting resistance because of narrow pore size distribution and higher 
tortuosity [17]. Teoh and Chung have produced composite polyvinylidene fluoride 
polytetrafluoroethylene (PVDF/PTFE) hollow fiber membranes with a fully sponge-like 
structure [18]. The resultant fiber membranes showed a higher resistance to pore wetting 
and stable performance in long-term tests [19].  
 
On one hand, membranes with smaller tortuosity, higher porosity, larger pore size, 
interconnected pore structures and macrovoid structure may improve permeation flux. On 
the other hand, larger tortuosity, smaller porosity and pore size as well as sponge-like 
structure are desired for high wetting resistance. The trade-off relationship makes it 
difficult for traditional single-layer MD membranes to achieve both high permeation flux 
and wetting resistance in a single configuration. Hence, dual-layer hollow fiber 
membranes comprising dual morphology offer the opportunity to optimize these two 
properties. The objective of this study is to elucidate a novel approach to enhance the 
permeation flux and energy efficiency (EE) without compromising the wetting resistance 
via morphological architecture. PVDF is chosen as the polymer matrix due to its low 
surface energy, good mechanical strength and easy of processing [20]. The inner-layer is 
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designed to be full of finger-like macrovoids whereas the outer-layer comprises sponge-
like structure. PTFE hydrophobic particles will be added to (1) increase the outer-layer 
hydrophobicity, and (2) increase the viscosity of polymer dope for easy formation of fully 
sponge-like selective layer. To the best of our knowledge, no data has been reported on the 
experimental testing method of wetting resistance for hollow fiber membranes. Hence, we 
also aim to measure liquid entry pressure (LEP) using a home-made set-up as a 
quantitative indication of membrane wetting resistance. In addition, a mathematical model 
will be established based on the DCMD permeation flux and operation properties to obtain 
and analyze the essential transportation parameters including temperature profiles and 
apparent diffusivity. This information could provide the implicit understanding of vapor 
permeation mechanism and relative contributions of aforementioned two possible 
mechanisms for flux enhancement through these newly developed MD membranes.  
 
4.2 Experimental 
The dual-layer PVDF hollow fiber membranes were fabricated via a dry-jet wet phase 
inversion spinning process by a triple-orifice spinneret as described elsewhere [21]. 
Before spinning, the dopes were degassed by a low-power vacuum pump (-2 psig) to 
remove the trapped gas bubbles. During spinning, the bore fluid, inner and outer dopes 
were fed into the respective annuluses of the spinneret by three ISCO syringe pumps 
(Teledyne, 500D). The inner dope was held at 50 °C to reduce the dope viscosity [22]. 
The discharged flows passed through 2 cm of air gap before entering the coagulant bath. A 
free fall take up speed was applied for all the spinning conditions. Details of the spinning 
conditions can be found in Table 4.1.  
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Table 4.1 Spinning conditions of single- and dual-layer PVDF hollow fibers 
Membrane ID D1 D2 D3 S-out*




Inner layer dope flow rate (ml min-1) 2.0 1.6 1.2 1.6
Outer layer dope composition (wt%) PVDF/NMP/EG/PTFE:12/77/8/3 NA
Outer layer dope flow rate (ml min-1) 0.3 0.3 0.3 NA








Bore flow rate (ml min-1) 1.5 1.5 1.5 1.5








Air gap (cm) 2 2 2 2
Take up speed Free fall Free fall Free fall Free fall
* S-out is produced by feeding the outer dope to the inner annulus of the spinneret .
 
After spinning, the as-spun fibers were immersed in tap water around 4 days for solvent 
exchange. Subsequently, the wet fibers were frozen in a refrigerator for 12 h and dried for 
12 h in a freeze drier (S61-Modulyo-D, Thermo Electron Corp.). All the spinning 
conditions have been repeated for three times to ensure the reproducibility. 
 
4.3 Results and discussion 
4.3.1Membrane characterizations 
4.3.1.1 Hollow fiber membrane morphology 
Figure 4.1 displays the morphology of dual-layer hollow fiber membrane D3. It can be 
seen that a novel morphology consisting of an inner-layer full of finger-like macrovoids 
and an outer-layer made of sponge-like structure has been attained. From the enlarged 
images, large macrovoids of regular finger-like shapes fully occupy the entire porous 
substrate layer, whilst open cell sponge-like pores form at the outer selective layer. As 
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PVDF was used as the organic phase for the inner and outer dopes, there is no 
delamination or interfacial resistance between these two layers.  
 
Cross section                    Cross section 2 Inner surface Outer surface
Inner-layer Middle region Outer-layer
 
Figure 4.1 Morphologies of the hollow fiber membrane D3 (IF=1.2ml min
-1
). The 
dashed arrow shows spinning direction. 
 






structure in inner-layer 










These morphological properties are in good agreement with the proposed schematic 
diagrams as shown in Figure 4.2 (a). 
 
4.3.1.2 Finger-like macrovoid inner-layer 
The present morphology formed is closely related to the coagulant compositions and the 
dope formula applied. In fact, the formation of finger-like macrovoids is attributed to the 
strong coagulation characteristic of the bore fluid and high fluidity of the dope solution 
because a low polymer concentration and a high dope temperature (i.e. 50 °C) were 
deliberately formulated for the inner-layer. For membranes fabrication via phase-inversion 
method, macrovoids with different shapes are usually originated from several mechanisms, 
such as local surface instability, material and stress imbalances as well as osmotic pressure 
[23]. Generally, the formation of finger-like macrovoids is associated with the fast 
precipitation of the polymer solution followed by the penetration of the abundant non-
solvent [24]. With the aid of a strong non-solvent (i.e. water), the inner surface 
immediately forms once the inner-layer polymer dope in contact with the bore fluid. 
Owing to the affinity between bore fluid and dope solution, the bore fluid induces great 
convection and diffusion into the nascent inner skin and create a profound intrusion paths 
throughout the entire inner-layer.  
 
Moreover, the inner surface displays a linear pore pattern which aligned along the 
spinning direction, as shown in Figure 4.1. Similar phenomena have been reported by 
Wang et al. [8] and Feng et al. [25]. Under the shear stress from the spinneret, the polymer 
chains will conglomerate and form a polymer rich region and a polymer lean region across 
the spinning direction [25]. Due to the strong bore fluid (i.e. water) employed, the phase 
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inversion occurs almost immediately. This implies that the polymer lean region will form 
a linear pore structure while the rich region may form a dense surface layer, respectively. 
As observed in Figure 4.1, the pores on the inner surface exhibit a unique elliptical shape 
instead of a circular shape. Compared with circular pores of similar size, these elliptical 
pores have a larger structural angle, and therefore result in a higher resistance to pore 
wetting [26].  
 
4.3.1.3 Fully sponge-like outer-layer 
An attempt to design a fully sponge-like structure at the outer-layer is proposed by 
employing a higher concentration of PVDF (12 wt%) as compared to the inner dope 
solution (10 wt%). The resultant dope with an enhanced viscosity could prevent the 
intrusion of non-solvent and therefore effectively suppress the macrovoid formation. On 
the other hand, employing a weak external coagulant with a mixture comprising of 60 
wt% IPA and 40 wt% water is favorable for delayed demixing (i.e. a slow phase inversion 
process) because it promotes the formation of sponge-like structures. Hence, the formation 
of this distinct structure is the coupling effects of adopting a weak coagulant and a 
polymer dope with a higher concentration during hollow fiber spinning [27]. 
 









IF = 2 ml/min IF = 1.6 ml/min IF = 1.2 ml/min IF = 1.6 ml/min
BF = water 100wt% BF = water/NMP 60/40 wt% BF = water 100wt% BF = water 100wt%
33 µm 39 µm34 µm
 
Figure 4.3 Morphologies of the cross-section for hollow fiber membranes: D1, D2, D3 
and S-out. The dashed line shows the interface identified by EDX element analysis. 
 
Based on the modeling result reported by Lagana et al., an optimum selective layer 
thickness of the MD membranes is about 30 – 60 µm by assuming the thermal 
conductivity of the polymeric material to be 0.1 – 0.3 W m-1 K-1 and a typical membrane 
tortuosity of 1.3 [28]. Applied into our proposed morphology, the thickness of the sponge-
like selective layer should be within the recommended range. Furthermore, the flow rate 
of inner dope was varied in order to optimize the membrane morphology. Fibers D1, D2, 
D3 were spun using water as bore fluid and inner-layer dope flow rates of 2, 1.6 and 1.2 
ml min
-1
, respectively. The respective cross sections of the aforementioned fibers are 
shown in Figure 4.3. The estimated overall thickness of hollow fibers decreases with a 
reduction in flow rate, as tabulated in Table 4.2 and Figure 4.3.  
 
From the enlarged images of fibers D1 and D2, the total sponge-like layer consists of the 
entire outer-layer and a small outer portion of the inner-layer (~75 μm), while the total 
sponge-like layer of fiber D3 is only made up with the outer-layer (~39 μm). The 
difference in sponge-like layer thickness may be attributed to the simultaneous counter-
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intrusion of internal (i.e., bore fluid) and external coagulants. Owing to different affinity 
of bore fluid and external coagulant, macrovoids are usually formed via a strong internal 
coagulant, while macrovoid-free structure by a weak external coagulant. The solidification 
of polymer solution takes place at different speeds at both sides of the nascent fiber. 
Hence the solidification fronts of the dopes from bore fluid and external coagulant will 
proceed and eventually converge at certain point of nascent fiber [29]. For fibers D1 and 
D2, due to the higher inner dope flow rate, the confluence of solicitation fronts is within 
the inner-layer region, which results in a thin sponge-like intermediate layer attached to 
the outer-layer. By reducing the inner-layer dope flow rate to 1.2 ml min
-1
, the confluence 
of solidification fronts is shifted to the interface of the inner and outer-layers for fiber D3. 
A sponge-like layer as thin as ~39 μm can be produced which is within the range of the 
optimum membrane thickness as proposed by Lagana et al. [28]. This thin sponge-like 
layer is expected to enhance the vapor permeation effectively without sacrificing in 
wetting resistance.  
 
4.3.1.5 Comparison of single- and dual-layer fibers 
Single-layer hollow fiber morphology that imitates the dual-layer morphology 
(comparable overall thickness with the dual-layer fiber D3) was spun and denoted as S-out 
to investigate the effect of sponge-like selective layer thickness on the DCMD 
performance. Membrane S-out is produced by feeding the outer-layer dope to the inner 
annulus of the spinneret and employing a bore fluid contains water/NMP 60/40 wt%. The 
morphology of fiber S-out is shown in Figure 4.3. As compared with dual-layer fibers, 
single-layer fiber S-out exhibits smaller macrovoids and sponge-like layer with thickness 
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~104 µm. The morphology is similar as the typical MD hollow fibers reported previously 
[18].   
 
4.3.1.6 Porosity and mechanical properties measurements    
Generally, membranes with high porosity have the benefits of lower thermal conduction 
and higher mass transfer coefficients, which are favorable for MD processes. In fact, due 
to the high concentration of non-solvent EG, the as-spun dual-layer hollow fibers have 
elevated bulk porosities larger than 80%, as shown in Table 4.2. Furthermore, the dual-
layer hollow fibers (D1-D3) exhibit superior properties than the single-layer one (S-out), 
owing to the large amount of macrovoids formed in the inner-layer.  
  
The measured Young’s modulus, tensile stress at break and strain at break are summarized 
in Table 4.2. Membranes with macrovoid structure often suffer from the weak mechanical 
strength [30]. The Young’s modulus and tensile stress of the self-fabricated dual-layer 
hollow fiber are comparable with other microporous membranes [30], which make it 
acceptable for low pressure membrane operation. Compared with the single-layer 
membrane (S-out), the tensile stress at break of dual-layer hollow fibers is slightly lower. 
This may be attributed to existence of profound macrovoids in the membrane inner-layer. 
On the other hand, the observed mechanical properties for dual-layer membrane decreases 
with a reduction in membrane overall thickness. Since MD membranes are not operated at 
vibration modes and the sponge-like structure provides sufficient wetting resistance (as 
discussed later), the newly developed membranes can be further tested in LEP 




Table 4.2 Characteristic properties of single- and dual-layer PVDF hollow fibres. 
Membrane ID D1 D2 D3 S-out
OD (µm) 1192± 21 1049± 19 961± 22 982± 12
Wall thickness (µm) 198± 13 164± 17 141± 24 143± 6
Sponge-layer 
thickness (µm)
78± 6 70± 7 39± 1 104± 5
Contact angle (o) 106± 5.0 107± 4.6 110± 2.9 113± 5.5
Porosity (%) 89.4±1.9 86.7±2.0 84.0±1.1 73.6±1.6
LEP (bar) 0.7 0.7 0.7 1.0
Strain at break (%) 116±4 92±3 74±7 104±3
Tensile stress at 
break (MPa)
0.78±0.03 0.66±0.05 0.62±0.09 1.08±0.02
Young’s modulus 
(MPa)
30.1±1.4 26.9±1.4 25.4±1.7 33.5±2.3
* Sponge-like layer thickness is measured as distribution of silicon element in Energy-dispersive spectroscopy 
(EDX).
 
4.3.1.7 LEP measurements 
Wetting resistance is one of essential performance indicators to assess the long-term 
prospective of any newly developed membranes for MD applications. It is known that the 
LEP measurement is a quantitative indication of wetting resistance. During the LEP tests, 
a 3.5 wt% NaCl testing solution is directly contacted to the feed side of the respective 
membranes. Once the applied pressure reaches the LEP value, some of the membrane 
pores will be wetted and the testing solution will permeate through those wetted pores. 
Thus the conductivity of the deionized water will increase gradually. With the pre-
calibrated correlation between conductivity and NaCl concentration, the amount of testing 





































Figure 4.4 Permeation fluxes obtained from LEP measurements for dual-layer 
hollow fiber D1. 
 
Figure 4.4 illustrates the calculated permeation fluxes under different pressures for hollow 
fiber D1. Under low hydraulic pressures (0 – 0.6 bar), no obvious wetting can be observed 
through the study. Nonetheless, when the applied pressure increases to 0.7 bar, there is a 
trace amount of testing solution permeating through the membrane, which clearly 
indicates the wetting of bigger pores. Interestingly, a further increase in pressure not only 
results in partial wetting, but also promotes the wetting of smaller pores and eventually 
leads to membrane failure. Since LEP is defined as the minimum pressure and the 
sustainability of the membrane toward penetration liquids, the LEP value for hollow fiber 
D1 is determined as 0.7 bar.  
 
A similar procedure has been repeated for other fibers and the LEP values for the 
aforementioned membranes are tabulated in Table 4.2. It can be shown that LEP values 
for all tested membranes are higher than the typical operation pressure of DCMD 
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experiments, which is within the range of 0.1 – 0.3 bar. It is worth noting that dual-layer 
membranes (D1, D2 and D3) with similar sponge-like layer but different macrovoids layer 
thicknesses exhibit the same LEP values of 0.7 bar. This implies that the sponge-like layer, 
rather than the macrovoid layer, is the key factor in determining the capability of 
membrane wetting resistance. A comparison of LEP values for single- and dual-layer 
membranes further reveals the impact of the sponge-like layer thickness on the membrane 
wettability. According to Garcia-Payo et. al., more tortuous pore structure and thicker 
sponge-like layer provide greater resistance to pore wetting [26]. Thus, membrane S-out 
with a thicker sponge-like layer of around 106 μm can provide a slightly higher LEP and 
better wetting resistance.  
 
4.3.2 DCMD performance  
The permeation fluxes obtained for both single- and dual-layer hollow fibers vary with 
feed inlet temperatures as shown in Figure 4.5. Among these dual-layer hollow fibers, 
fiber D3 which was spun at an inner-layer flow rate of 1.2 ml min
-1
 demonstrates a 




 at an inlet feed temperature of 80.2 °C. 
Since an increase in inner-layer flow rate during spinning results in a thicker inner-layer 
and decays the flux dramatically, the values of the flux obtained for fibers D1 and D2 are 
about 9.7% and 28.3% lower than fiber D3, respectively. This may be owing to the larger 
overall membrane and sponge-like layer thicknesses which reduce the membrane mass 








































Figure 4.5 DCMD Permeation fluxes obtained for PVDF hollow fibers. 
  
With a similar overall wall thickness, the permeation flux for dual-layer hollow fiber D3 is 
around 96% higher than the single-layer fiber (S-out). This evidently discloses the 
noteworthy function of finger-like macrovoids at the membrane inner-layer for the 
enhancement of DCMD flux. As proposed earlier in Figure 4.2, the dual-layer fiber 
consisting of a macrovoids supporting layer has a lower mass transfer resistance and a 
higher driving force resulting from the smaller tortuosity and higher porosity. Further 
details about the relative contributions of these two effects will be discussed in the 
following section. Generally, the permeation flux increases almost exponentially with 
increasing feed temperature owing to the exponential dependence of vapor pressure on 
temperature [10]. 
 
4.3.3 Modeling of mass transfer in DCMD  
Due to the complexity of DCMD processes, the vapor transportation across a MD 
membrane is often determined by many parameters including membrane micro-structure, 
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membrane module configuration and operation conditions. In order to investigate the 
detailed mass transport of the self-fabricated hollow fiber membranes, a mathematical 
model is proposed. This model aims to acquire essential mass transfer parameters as 
temperature profile and apparent diffusivity with the operation parameters and permeation 
flux data obtained from the DCMD experiments. The key information and results of the 
modeling is shown in this section and detailed modeling equations can be found in the 
appendix. 
 



















Figure 4.6 a) Temperature profile for PVDF hollow fiber D1: b) Module 
configuration. Tf and Tp are the average temperatures for feed and permeate sides; 
Tf,m and Tp,m are temperatures calculated for membrane surfaces facing the feed and 
permeate sides, respectively. 
 
Figure 4.6 demonstrates the temperature changes and heat transfer across the hollow fiber 
membrane. As a coupled heat and mass transfer process, the vapor pressure difference 
between the bulk feed and permeate solutions can not be utilized as the effective driving 
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force. A considerable proportion of heat loss (i.e., temperature polarization) is observed at 
the boundary layers. Therefore, investigation of the temperature profile across MD 
membrane is a critical approach to understand the heat transfer during the DCMD process.  
 
An attempt to estimate the temperature profile across the MD hollow fiber was performed 
as follows: (1) the steady state heat flux ( ssQ ) is equal to the enthalpy change between the 
inlet and outlet of both feed and permeate streams, and (2) the convective heat transfer 
coefficients ( fh  and ph ) are obtained from heat transfer correlations. Thus, the 














T ,                                                                                                                 (4.2) 
 
where mfT ,  and mpT ,  are the average temperatures at membrane surfaces toward feed and 
permeate, respectively. fT  and pT  are the average temperatures of bulk feed and permeate 
solutions, respectively. fh  and ph  are the heat convection coefficients of feed and 
permeate sides, respectively. oA  and iA are the area of outer and inner surface of hollow 
fiber, respectively, and ssQ  is the average heat flux at steady state. 
 
Figure 4.7 illustrates the temperature profile of fiber D1. The temperatures difference 
between bulk and membrane surface at the feed side (i.e., 2 – 3 °C) is relatively lower than 
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the gap at the permeate side (i.e., 10 – 30 °C). This may be due to the fact that the heat 
transfer coefficient and mass flow rate are much higher at the feed as compared to the 
permeate sides. At steady state, where the heat fluxes at feed and permeate sides are equal, 
the resultant heat transfer boundary layer at the permeate side is thicker than the feed side. 
As a result, a dramatic temperatures drop is expected from the membrane surface to the 
permeate bulk solution. In addition, the temperature difference for the permeate side are 
more significant at a higher feed temperature, but no noticeable changes can be observed 
at the feed side. The increase of the permeate side is owing to a higher total heat flux ( ssQ ) 
arisen from superior heat conduction flux and permeation flux. In contrast, the heat 
transfer coefficient for the feed side increases simultaneously as the feed temperature and 
total heat flux increase, which results in a smaller change for the temperature gap between 





























Figure 4.7 Temperature profile for PVDF hollow fiber D1: Tf and Tp are the average 
temperatures for feed and permeate sides; Tf,m and Tp,m are temperatures calculated 





4.3.3.2 Apparent diffusivity 
Usually, the permeation flux obtained in the DCMD is strongly correlated by the fiber’s 
structure, such as wall thickness, inner and outer diameters. In order to investigate the 
function of the proposed morphology, the parameter of apparent diffusivity is introduced 
which exclude the impacts of membrane thickness, fiber diameters and MD operation 






D                                                                                                                        (4.3) 
where awD   is the diffusion coefficient of water vapor through stagnant air,  is the 
tortuosity of vapor diffusion path in the membrane.  
 
For industrial processes, apparent diffusivity is one of the most important modeling 
parameters to examine the diffusion of gas or liquid through a porous structure [31-32]. 
Hereby, it is introduced as a quantitative measurement of the intrinsic diffusion property. 
The apparent diffusivity can be obtained from the equation that describes the diffusion of 







































Figure 4.8 Calculated apparent Diffusivities (Da) for PVDF hollow fibers. 
 
The calculated aD  values for all PVDF follow fibers are presented in Figure 4.8. For dual-
layer fibers, the aD  
values are fairly comparable, which is possibly attributing to their 
similarity in terms of membrane morphology. From Equation 4.3, it can be concluded that 
the value of aD  is only determined by the membrane characteristics such as mean pore 
size, porosity and tortuosity. Owing to the similar coagulation conditions, dual-layer 
membranes have a similar pore size and porosity. 
 
Besides, Table 4.2 displays that the dual-layer fibers also show similar percentages of 
sponge-like layer thickness to the overall thickness (0.3 – 0.35). This result suggests a 
comparable average tortuosity and consequently obtained similar aD  values. A 
comparison of aD  values between dual-layer and single layer provides solid evidence that 
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the enhancement in mass transfer rate is mainly due to a lower mass transfer resistance of 
finger-like macrovoids. At the feed temperature of 80 °C, the aD  value of the dual-layer 
membrane (D3) is ~ 81% higher than that of the single-layer fiber (S-out). As discussed in 
section 3.2, the finger-like macrovoid structure in the MD membrane enhances the 
permeation flux through two possible mechanisms: namely, increased mass transfer rate 
and enhanced driving force. In this regards, about 96% permeation flux improvement is 
attained by membrane D3 than the fiber S-out. Therefore, a conclusion can be drawn that 
superior permeation fluxes obtained for the proposed MD fibers is a coupling effects of 
both mechanisms, while the enhancement of mass transfer rate is the major contribution.        
 
4.3.4 Energy efficiency 
As a coupled mass and heat transfer process, the total heat transfer in the DCMD process 
consists of two mechanisms: (1) the latent heat associated with the vaporization and 
condensation of water ( lQ ), and (2) the heat conduction across the membrane which 
usually indicated as undesirable heat loss ( cQ ). Hence, the energy efficiency, EE, can be 
denoted to the percentage of latent heat flux over the total heat flux across the membrane 






























                             (4.4)                                                                           
where m  is the latent heat of water vaporization evaluated at average membrane 
temperature, fT and pT are average temperatures at feed and permeate sides, respectively. 
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mk is the thermal conductivity of the membrane, pm  is the mass flow rate of the permeate 
solution,  ppC ,  is the average specific heat capacity of the permeate solution, inpT , and 
outpT , are inlet and outlet temperatures of the bulk permeate solution, respectively. 
 
Figure 4.9 Calculated energy efficiencies for PVDF hollow fibers.  
 
The calculated EE against feed inlet temperature for all membranes are shown in Figure 
4.9. Usually, the EE values increase with the feed inlet temperature. This is attributed to 
the fact that the driving force for vapor transport increases exponentially, whereas the 
conduction heat increases linearly with the feed temperatures. The EE of fiber D3 are 
almost twice of the fiber S-out and; this improvement is mainly caused by the co-action of 
two factors: namely, enhanced mass transfer coefficient and reduced thermal conductivity. 
As referring to Figure 4.9, the dual-layer fiber D3 exhibits a much higher apparent 
diffusivity and therefore a less mass transport resistance, and consequently a larger latent 
heat flux ( lQ ) and permeation flux ( wN ) is obtained. On the other hand, the unique micro-
structure with finger-like macrovoids in fiber D3 effectively reduces the heat conduction 
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loss ( cQ ). This is due to the fact that air occupied within the macrovoid structure is an 
excellent insulator. Therefore, the unique dual-layer hollow fiber morphology allows the 
combined advantages offered by the macrovoid supporting layer (i.e., a greater latent heat 
flux by evaporation and a lower heat loss by heat conduction) and a fully sponge-like 
outer selective layer (i.e., withstand membrane wetting). In short, via a careful design and 
architecture of the macrovoid supporting layer, novel MD membranes with superior 
performance and high EE values can be fabricated with the proposed model as shown in 
Figure 4.4. 
 
For dual-layer hollow fibers, the EE values increase gradually with a decrease in the 
overall fiber thickness. This is mainly attributed to the adverse effects of membrane 
thickness on thermal conduction and evaporation, where a thinner membrane may enhance 
both conduction heat flux ( cQ ) and latent heat flux ( lQ ). In other words, a decrease in 
membrane thickness could increase both the denominator and numerator in Equation 4.4. 
Hence, the changes of EE values are depending on the relative changing rate of 
denominator and numerator. Due to the high apparent diffusivities of dual-layer 
membranes, the rate of enhancement in latent heat flux ( lQ ) is much greater than the 
conduction heat flux ( cQ ). As a result, the latent heat flux is the dominant factor on the 























































Figure 4.10 Variation of permeation flux and separation factor during the long-term 
DCMD experiment. 
 
The long-term DCMD desalination performance of the fabricated dual-layer hollow fiber 
was conducted for 200 hrs.  The permeation flux and separation factor are illustrated in 
Figure 4.10. It can be seen that the permeation flux and separation factor are relatively 
stable during the whole test. The separation factor is higher than 99.9 %, which indicates a 
high wetting resistance of the tested membranes. A slight decline of permeation flux and 
separation factor can be observed at ~around 80 hrs. This may be attributed to the scaling 
of inorganic salts on the membrane surfaces (Gryta and Barancewicz, 2010; Song, et al., 
2008).   
 
4.3.6 Comparison with other MD membranes  





Feed solution property Permeate solution property Permeation flux
(kg m2 hr-1)Solution Tf,in ( C) vf (m s
-1) Tp,in ( C) vp (m s
-1)
GVHP commercial flat sheet [33] 118 deionized water 90.7 500 rpm 19.7 500 rpm 48.6
PVDF flat sheet [34] - 1.0 wt% NaCl 60 - 20 - 10
SMM/PEI flat sheet [35] 160a 0.5M NaCl 50 500 rpm 15 500 rpm 20.9
PP Accurel® commercial hollow fiber [9] 165 1.0 wt% NaCl 80 0.11 20 0.03 28
PVDF/PTFE hollow fiber [18] 110 3.5 wt% NaCl 79.5 1.9 17.5 0.9 40.4
PVDF hollow fiber [36] 130 3.5 wt% NaCl 81.8 0.5 20 0.15 40.5
PVDF hollow fiber [11] 190 3.5 wt% NaCl 81.3 1.8 17 1.2 79.2
PVDF/PAN dual-layer hollow fiber [7] 340 3.5 wt% NaCl 90.3 16 17 0.8 55.2
PVDF dual-layer hollow fiber [37] 271 3.5 wt% NaCl 78.2 1.8 16.6 0.72 66.9
PVDF dual-layer hollow fiber D3 [this work] 141 3.5 wt% NaCl 79.8 1.4 17 0.7 98.6
a: The thickness was measured from the SEM image.  
Table 4.3 shows a comparison of DCMD performance between this work and the 
literature data. For a better comparison, the literature data consists of commercial and 
laboratory fabricated flat sheet and hollow fiber membranes. It can be seen that the newly 
developed dual-layer hollow fiber membranes exhibit much higher performance compared 
with the data reported previously. A noticeable flux enhancement in this work is denoted 
to the combined effect of dope solution, spinning conditions and morphological 
architecture with the aid of the proposed dual-layer PVDF fiber micro-structure.  
 
4.4 Conclusions 
We have demonstrated that the strategy of morphological architecture of PVDF dual-layer 
hollow fiber membranes can be utilized to enhance the DCMD performance. A novel 
dual-layer hollow fiber with a fully finger-like inner-layer and a totally sponge-like outer-
layer is a preferred structure. The resultant dual-layer membranes show enhanced MD 
performance without scarifying the membrane wetting resistance. The aforementioned 
morphology can be manipulated and tailor made via careful manipulations of inner and 
outer dope compositions as well as coagulation conditions. As a result, a permeation flux 
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 has been demonstrated. Credited to the high thermal resistance and 
excellent permeation flux, the dual-layer fiber exhibits a remarkably high EE value of 
~94%. Furthermore, dual-layer membranes with sponge-like layer thicknesses between 30 
and 40 µm reveal higher membrane wetting resistance with the measured LEP values of 
0.7 bar. 
 
The mass transfer modeling shows that the apparent diffusivity values for dual-layer fibers 
are remarkably higher than the single-layer configuration. This implies that the former has 
a much smaller resistance for vapor transfer than the latter. In addition the as-spun fibers 
membranes exhibit a superior permeation flux due to the coupling effects of lower mass 
transfer resistance and higher effective driving force. However, a lower mass transfer 
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CHAPTER 5: Design of Lotus-root-like Multi-bore Hollow 




5.1 Introduction  
Membrane contactor (MC) is a powerful membrane process to provide the contact and 
exchange of two different phases (liquid/liquid, liquid/vapor) [5]. Membrane distillation 
(MD) is a special type of MC which utilizes the temperature difference (vapor pressure 
difference) as the driving force for vapor transport [6]. In a MD process, the feed solution 
is always maintained at a elevated temperature (40-95 °C), hence the volatile vapor could 
transport through the membrane pores, while any ion or liquid form is repelled by the 
hydrophobic membrane barrier [2]. Specific to desalination application of MD, the 
rejection is often as high as 99.9% since the salts in pretreated seawater are non-volatile 
[7].  
 
In order to maximize the vapor diffusion and enhance the permeation flux and thermal 
efficiency, the desired MC or MD membrane is always fabricated with large pore size as 
0.1-0.3 µm and high porosity of larger than 75% [8-10]. Due to the large pore size and 
high porosity for both bulk and surfaces, the membranes often suffer from weak 
mechanical strength in terms of tensile rigidity at both axial and radial directions. For a 
MD process, this property is even further diminished due to the elevated operation 
temperatures. In the past years, many researchers have made continuous efforts to improve 
the mechanical strength of MD membranes. For example, Wang et al., Teoh et al. and Su 
et al. have incorporated clay, PTFE particles or carbon nanotube (CNT) into the polymer 
matrix to form a reinforced mix-matrix structure [3, 4, 11]. However, furtherer 
improvement is still needed in order to ensure the membrane stability in robust operational 




In nature, lotus root exhibits the unique geometry with regularly aligned empty channels 
in axial direction. The unique structure provides one of the best geometries which ensure 
both large porosity and high mechanical strength. In the past years, works have been 
carried out to mimic the lotus-root structure to obtain nano- or micro-structure with both 
high mechanical strength and excellent diffusion or sorption properties [12]. The concept 
of lotus root-like multi-bore hollow fiber (MBF) membranes has also been adopted and 
soon become the industrial standard for inorganic ceramic membranes [13]. Compared 
with the traditional single-bore fiber, the unique structure of MBF membranes 
dramatically improves tensile rigidity in both axial and radial directions [14]. The number 
of bore channels varies from 7 to 37. Despite the great success of multi-bore concept in 
ceramic membrane fabrication, its application was not extended to the organic membrane 
due to the difficulty in controlling the membrane micro- and macro-structure with multi-
bore configuration. In recent years, a seven-bore UF hollow fiber membrane named 
Multibore
®
 was fabricated using a special modified poly-ether-sulfone material (PESM)  
by inge GmbH (part of BASF). The outer diameter of the Multibore
®
 membrane ranges 
from 4 mm to 6 mm, while inner surface is the selective layer for all models. Later, Bu-
Rashid and Czolkoss carried out a series of pilot plant experiments to evaluate the 
feasibility of this membrane as the pre-treatment for seawater reverse osmosis (SWRO) 
desalination [15]. Very promising results were obtained as compared with that of single-
bore UF membrane. When tested using the feed solution with high fouling potential, the 
MBF membrane still showed high mechanical stability and good performance over a long 
testing period and frequent back flushing. Beside the lotus root round-shape MBF 
membrane, Chung, Peng and Teoh also pioneered the multi-bore fiber works with a seven-
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bore rectangular configuration [16, 17]. Rectangular hollow fiber membranes also showed 
improved mechanical strength and ease of module fabrication, but the processing stability 
at high take-up speed and varied spinning parameters is still concerned,  
 
In this work, we aim to design and fabricate a lotus root-like hydrophobic MBF membrane 
for MD application. Since the spinning techniques and formation mechanism for MBF 
membranes have never been reported, various effects of spinning parameters on the 
membrane macro- and micro- structure will be investigated and optimized in detail. 
Furthermore, the membrane properties of the newly fabricated fibers will be evaluated 
from different aspects including mechanical properties, water contact angle, direct contact 
membrane distillation (DCMD) performance and continuous operation stability.  
 
5.2 Experimental 
5.2.1 Spinneret design and membrane fabrication 
The lotus root-like MBF PVDF membranes were fabricated via a dry-jet wet phase 
inversion spinning process by a specially designed seven needle spinneret. The details of 
spinning process has been documented elsewhere [2]. The schematic drawing of the 
spinneret is shown in Figure 5.1.  
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Figure 5. 1 The schematic design of a seven needle spinneret: a) Side view, b) Bottom 
view. 
 
Unlike the conventional single-bore spinneret, the MBF spinneret had seven needles, 
which distributed uniformly within the spinneret space. The size of spinneret was adjusted 
so that the diameter of needle equals the distance between needles and the gap between the 
needle and spinneret outer diameter. A 1 mm distance between channels was employed to 
avoid the potential intra-bore crossing of nascent fiber resulted from die swell phenomena.  
 
During spinning, the dope solution and bore fluid were extruded at specified flow rates 
through the spinneret by two ISCO syringe pumps (Teledyne, 500D). After entering the 
coagulation bath, the precipitated membranes were collected by a take-up roller. To avoid 
the uneven distribution of polymer dope, the bore fluid and polymer dope were injected 
from the side and top of spinneret, respectively. Other confidential designs were also 
applied to achieve the more uniform distribution of dope solution at the spinneret outlet. 




Table 5. 1 Spinning conditions of MBF membranes: a) MBF-1 - MBF-6, b) MBF-7 - 
MBF-12. 
Membrane ID MBF-1 MBF-2 MBF-3 MBF-4 MBF-5 MBF-6*
Dope composition (wt%) PVDF HSV#900/NMP/EG:15/77/8 (viscosity: 26.5±0.9 pa-s @10 s-1)




Bore flow rate (ml min-1) 7 9 11 5 3 7
Take up speed (m/min) Free fall
External coagulant (wt%) IPA/water: 50/50
Air gap (cm) 3
Temperature (ºC) 25-29
Humidity 65%-75%
Membrane ID MBF-7** MBF-8 MBF-9 MBF-10 MBF-11 MBF-12
Dope composition (wt%) PVDF HSV#900/NMP/EG:15/77/8 (viscosity: 26.5±0.9 pa-s @10 s-1)




Bore flow rate (ml min-1) 7
Take up speed (m/min) Free fall Free fall Free fall 5 7.5 10
External coagulant (wt%) IPA/water: 50/50
Air gap (cm) 3
Temperature (ºC) 25-29
Humidity 65%-75%
Table : inning conditions f MBF membran s: a) MBF-1 - MBF-6, b) MBF-7 - MBF-12.
*: MBF6 was spun using conditions of MBF-1 but immediately after  spinning of MCF-6.
**: MBF-7 was spun using conditions of MBF-1 but with a lower polymer dope pressure.
  
5.2.3 Continuous DCMD Experiment 
The continuous DCMD desalination performance of the fabricated MBF membrane was 
conducted with fiber MBF-1 and similar equipment with short-term DCMD experiment. 
In order to test the membrane performance in more robust conditions, the inlet 
temperatures of feed solution were maintained at 50 °C or 70 °C, while one temperature 
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was switched to the other about every 12 h. The inlet temperature of permeate solution 
was always maintained at 15.5 °C. Feed and permeate flowrates of 1.8 L/min and 0.2 
L/min were employed. The produced water from the permeate tank was recycled to the 
feed tank to maintain the salinity of feed solution. The separation factor ( R ) is calculated 







R                                                                            (5.1) 
where fc  and pc are the NaCl concentration of feed and permeate solutions, respectively. 
 
5.3 Results and discussion 
5.3.1Membrane characterizations 











Bore flowrate: 7 ml/min
Dope flowrate: 14 ml/min 
Figure 3: The cross-section and surface morphology of MBF membranes MBF1.
 
Figure 5.2 The cross-section and surface morphology of MBF membranes MBF1. 
 
Figure 5.2 displays the schematic design, cross-section structure and surface morphology 
of MBF membrane MBF-1. From the microscopy image, it can be seen that the lotus root-
like novel morphology with seven uniformly distributed bore channels has been 
successfully attained. The average size of inner bore channel is around 1.15 mm, while the 
outer diameter is about 4.61 mm. The distance between the bore channels is around 230 
um, which is similar to the gap between the bore channel and fiber outer wall. Hence, the 
size of bore channel and membrane wall thickness is comparable with the typical single 
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bore hollow fiber for MD [3, 4, 19, 20]. This coincides with our design and ensures the 
high permeation performance and strong mechanical durability.  
 
From the enlarged cross-section images, macrovoid-free structure with open cell pores is 
formed at the entire cross-section, which is attributed to the use of viscous HSV900 PVDF 
solution and weaker coagulants. When non-solvent like EG is added into the polymer 
dope, it brings the solution closer to the gelation point and generates more porous 
structure in a fabricated membrane. Owing to addition of pore-forming agent EG in the 
polymer dope, a high porosity around 75.9 % is obtained. The membrane cross-section 
shows a typical globule-like structure. When a delayed liquid-liquid demixing is induced 
with weaker coagulant, crystallization of PVDF polymer (also refer to solid-liquid 
demixing) dominates the phase inversion process and semi-crystalline PVDF globules can 
be formed [10, 21, 22].  
 
It is worth noting that a loosely packed fiber-like network structure forms on the top of 
membrane inner surface. From the perspective of heat and mass transfer, this structure 
may promote the boundary layer flow turbulence and reduces the boundary layer thickness, 
which could reduce the flux decline arising from the temperature and concentration 
polarization. To the best of our knowledge, the formation of this structure has never been 
reported in the literature. It is hypothesized that the hydraulic pressure difference between 
dope and bore fluid is the main cause for the fiber network formation. Owing to the 
special seven needle spinneret design and viscous characteristic of polymer dope, the 
pressure difference between the dope side and bore fluid is around 480 psi (dope: 493 psi, 
bore fluid: 13 psi), which is much higher than that of typical single-bore hollow fiber 
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spinning process. At the same time, the phase inversion rate of PVDF solution is much 
slower as compared with other polymer solutions. Hence the liquid-liquid demixing 
process takes place firstly at the inner surface and gradually proceeds to the cross-section 
of nascent fiber. Under this circumstance, the higher pressure at the polymer side will 
push un-solidified polymer solution into the bore fluid. Thereafter, the fiber-like polymer 
solution is solidified and forms the network structure on top of inner surface. What’s more, 
the direction of surface fibers also follows the spinning direction, which is also the relative 
flowing direction for bore fluid. To verify this hypothesis, another spinning of fiber MBF-
1 was repeated with lower dope solution pressure of 208 psi (shorter tubing with larger 
inner diameter).  
Figure 4: Proposed mechanism for the fiber-like inner surface structure a) inner surfaces of MBF membranes spun 
with different polymer dope pressures (poor): b) 493 psi, c) 208 psi. blue arrow represents the spinning direction.
 
Figure 5.3 Proposed mechanism for the fiber-like inner surface structure a) inner 
surfaces of MBF membranes spun with different polymer dope pressures; b) 493 psi, 




Figure 5.3 illustrates the two membrane inner surfaces. A distinct fiber morphology and 
lower fiber coverage can be clearly observed. This experiment verifies the important role 
of dope pressure in formation of these surface fibers. More details of this process need to 
be investigated in later studies.  
 
5.3.1.2 Effect of bore flowrate  
7 ml/min 9 ml/min 11 ml/min
 
Figure 5.4 MBF membranes spun with different bore flowrate: a) 7 m/min, b) 9 
m/min c) 11 m/min. 
 
Figure 5.4 shows the cross-section morphology of MBF membranes with different bore 
flowrates of 7, 9 and 11 ml/min, respectively. With the increasing of bore fluid flowrate, 
the average bore diameter of the fiber increases from 1.15 mm to 1.44 mm. Furthermore, it 
is noticed that the relative size of the center bore channel is larger than the surrounding six 
channels. In order to confirm the observation, a series of spinning experiments are carried 
with varied bore flowrates. The bore flowrate is firstly decreased from 7 ml/min until 3 
ml/min, after which it is increased to 7 ml/min again. A gradual change in the relative size 
of center channel can be clearly seen from microscopy images shown in Figure 5.5. At the 
bore flowrate of 3 ml/min, the center bore disappears. After increasing the flowrate to the 





Figure 6: Evolution of cross-section morphology with different bore flow rates: a) 7 m/min, b) 5 ml/min c) 3 m/min d) 7 
m/min. e) and f): Stress direction of the polymer solution for one-needle and seven-needle spinnerets.
7 ml/min 5 ml/min
3 ml/min 7 ml/min
 
Figure 5. 5 Evolution of c oss-section morphology with different bore flow rates: a) 7 
m/min, b) 5 ml/min c) 3 m/min d) 7 m/min. e) and f): Stress dir ction of the polymer 
solution for one-needle and seven-needle spinnerets. 
 
 






14 ml/min 10 ml/min 6 ml/min
 
Figure 5.6 The cross-section and  inner-surface morphologies of MBF membranes 
spun with different dope flowrate: a) 14 ml/min, b) 10 ml/min c) 6 ml/min. 
 
Figure 5.6 shows the cross-section and inner surface morphologies of MBF membranes 
spun with dope flowrates of 14, 10 and 6 ml/min, respectively. At decreased dope flowrate, 
the bore size and uniform seven-channel structure is well maintained. But the fiber wall 
thickness at the thinnest region decreases from 230 um to 56 um and the outer diameter of 
the fiber also decreases from 4.61 mm to 3.17 mm. From both cross-section and surface 
morphologies, the gradual disappearance of the network structure on the inner surface can 
be observed. As demonstrated in section 3.1.1, the formation of fiber network on top of 
inner surface is closely related to the hydraulic pressure.  Hence the disappearance of fiber 




5.3.1.4 Effect of take-up speed      





Figure 5.7 Morphologies of MBF membranes spun with different take-up speed: a) 
free fall b) 5 m/min, c) 7.5 m/min d) 10 m/min. e) and f): Schematic illustration of 
geometry change with increasing take-up speed. The blue arrow represents the 
spinning direction. 
 
In order to ensure the large product throughput and reduce the production cost, a higher 
take-up speed of hollow fiber spinning process is always preferred. However, various 
membrane properties including inner surface morphology, cross-section structure and 
mechanical strength will be different with higher collection speed [28]. Hence, the effect 
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of take-up speed on the micro-structure and macroscopic properties of the MBF 
membranes are investigated.  
 
Figure 5.7 shows the cross-section and inner surface morphologies of MBF membranes 
spun with free fall and take-up speed of 5, 7.5 and 10 m min
-1
. It is observed when the 
take-up speed increases from free fall to 10 m min
-1
, the outer diameter of MBF 
membrane decreases from 4.61 mm to 1.31 mm, while the average diameter of fiber bore 
decreases from 1.15 mm to 0.38 mm. 
 
Meanwhile, as the take-up speed increases, the lotus-root shape structure gradually 
become the wheel structure, which is illustrated by Figure 5.7 c-d).  Compared with the 
fiber structure with free fall take-up speed, the wheel structure exhibits a round shape 
center channel with reduced size and shell shape surrounding channels with uniform wall 
thickness. With more uniform wall thickness, the wheel structure could provide a better 
balance of vapor transport efficiency, liquid wetting resistance and mechanical properties. 
The finding shown here agrees with the Bonyadi and Mackley’s study on rectangular 
multi-bore membranes. In their studies, it is also found that at higher air gap or take-up 
speed, the round shape of inner bores at the center can be well maintained, while those at 
twos sides of  rectangular membrane gradually change from round shape to oval shape 
[29]. It is believed that the transition of the membrane geometry is closely related to the 
higher radial tension force resulted from the higher take-up speed. As discussed in section 
3.1.1, the bore fluid inside the nascent fiber is exposed to a radial direction tension force 
due to the gravitational or take-up drum stretching. And the force is increasing with higher 
take-up speed. Due to the slow phase inversion rate of PVDF polymer, a shell shape bore 
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fluid and inner surface will be formed to minimize the surface tension. In addition, the 
higher take-up speed will also enlarge the pressure different between the center and 
surrounding channels, which reduces the relative size of fiber center channel. This finding 
further verifies our hypothesis about center bore size in previous sections.   
 
From the SEM image of enlarged cross-section structure, a gradual change of micro-
structure from globule shape to cellular shape can be easily observed. The transition of 
polymer matrix structure is owing to the semi-crystalline characteristic of PVDF polymer. 
Due to this characteristic, two types of membrane structure and formation mechanism will 
take place simultaneously, namely, semi-crystalline globule resulted from liquid-liquid 
demixing and amorphous cellular structure resulted from solid-liquid demixing [30, 31]. It 
is shown in our previous studies that the phase inversion speed of PVDF fiber spinning 
can be enhanced by the increasing take-up speed [10]. The decreasing time induces the 
solid-liquid demixing mechanism and hence less globule structure is formed.   
 
5.3.2Membrane characterization and mechanical properties 
Table 5.2 summarizes the results for various membrane characterizations. High contact 
angles ranges 85 - 90° are obtained for all MBF membranes due to the higher fluorine 
content and molecular weight of HSV900 PVDF. As the same external coagulant of 
IPA/water mixture composition is employed, the variation of contact angle is minor. The 
membrane hydrophobicity could be further improved via polymer blending of super-
hydrophobic PTFE particles or fluorine-containing silica [4, 32]. 
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Table 5.2 Characteristic properties of MBF membranes. 
Membrane ID MBF-1 MBF-2 MBF-3 MBF-4 MBF-5 MBF-6
OD/ID (µm/µm) 4610/1178 4968/1335 5162/1437 4322/1094 3431/957 4597/1126
Porosity (%) 75.9± 0.3 76.2±0.2 76.1±0.3 - - -
Contact angle (o) 85.3±6.2 85.6±2.3 85.1±4.7 - - -
Maximum load (N) 7.28± 0.47 7.37±0.94 7.22±0.65 - - -
Maximum tensile stress (Mpa) 0.92±0.06 1.02±0.13 0.98±0.09 - - -
Young's modulus (Mpa) 28.9±5.7 28.9±6.0 29.7±3.9 - - -
Maximum tensile strain (%) 56.3±3.9 46.9±2.6 49.7±8.0 - - -
Membrane ID MBF-7 MBF-8 MBF-9 MBF-10 MBF-11 MBF-12
OD/ID (µm/µm) 4711/1152 3362/1004 3173/944 1803/478 1468/382 1306/355
Porosity (%) - 75.6±0.1 76.0±0.5 69.6±0.4 68.5±0.4 67.3±0.2
Contact angle (o) - 89.5±4.5 89.0±1.6 88.9±3.7 89.3±4.2 87.5±3.1
Maximum load (N) - 3.18±0.12 2.43±0.18 1.45±0.03 1.28± 0.03 1.22±0.05
Maximum tensile stress (Mpa) - 0.97±0.05 0.91±0.07 1.05±0.02 1.71±0.05 2.25±0.08
Young's modulus (Mpa) - 31.1±12.1 31.5±6.7 34.6±2.9 56.2±8.1 79.9±7.3
Maximum tensile strain (%) - 0.59±0.98 0.51±1.04 46.1±6.2 47.7±3.1 50.6±6.3
 
 
Similar with contact angle, bulk porosities around 75-80% are obtained for most of 
membranes. But it can be seen the porosity of MBF with higher take-up speed is slightly 
lower than the fibers with free fall take-up. This may be related to the different globule 
structure in the membrane cross-section. As discussed in section 3.1.3, an evolution of 
globule structure to cellular structure is observed for increased take-up speed. 
 
As the main advantage of proposed lotus-root geometry, the MBF membrane is expected 
to exhibit improved mechanical durability. Hence the various mechanical properties 
including maximum load, maximum tensile strength, maximum extension and Young’s 
modulus are measured and tabulated in Table 5.2. A comparison is made between the 
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MBF membranes with previous reported rectangular PVDF and traditional single-bore 
hollow fiber PVDF membranes [16]. The maximum load, maximum tensile strength and 
Young’s modulus of MBF-1 (7.28 N, 0.92 Mpa and 28.9 Mpa) are all higher than the 
rectangular hollow fiber (2.87 N, 0.52 Mpa and 12.6 Mpa) and single-bore hollow fiber 
(0.54 N, 0.72 Mpa and 15.6 Mpa). In order to understand the mechanical property 
variation of MBF membranes with different spinning conditions, a comparison of 
maximum load and Young’s modulus with varied bore flowrates, dope flowrates and take-
up speed are plotted and shown in Figure 5.8. It can be seen from Figure 5.8 a) that the 
effect of bore flowrate are minor for both maximum load and Young’s modulus. This is 
probably due to the similar membrane cross-section geometry and cross-section area. As 
bore flowrate increases, the inner and outer diameters of MBF membranes increase 
simultaneously. Figure 5.8 b) illustrates the effect of dope flowrate. Due to the similar 
micro-structure in the membrane cross-section, the Young’s modulus is similar, which 
implies the comparable tensile rigidity. However, the maximum load is lower for reduced 
dope flowrate, as the membrane wall thickness decreases. Unlike bore flowrate and dope 
flowrate, take-up speed has an effect on both properties. Shown by Figure 5.8 c), with an 
enhanced take-up speed, the Young’s modulus has an obvious improvement, while 
maximum load is decreasing rapidly. The phenomenon is attributed to the evolution of 
membrane micro-structure. As mentioned previously, there is a transition from globule to 
cellular structure for a higher take-up speed. This inter-connected cellular structure could 
give much higher tensile rigidity [31]. However, the increase of Young’s modulus and 
maximum tensile stress can not compensate the reduction of membrane cross-section area. 




Figure 5.8 Maximum load and Young’s modulus of MBF membranes with different 
spinning conditions: a) Bore fluid flowrate , b) Dope fluid flowrate, c) take-up speed. 
 
5.3.3 DCMD performance  
5.3.3.1 Effect of bore flowrate and dope flowrate 
The permeation fluxes and EE obtained for MBF membranes with different bore flowrate 
are shown in Figure 5.9 a) and b), respectively. As can be expected, the DCMD 
performance of MBF is slightly lower than the single-bore hollow fibers with similar 
spinning condition and average wall thickness. For instance, the permeation flux of MBF-
1 membrane at 80 °C feed solution is around 28 LMH, while that for macrovoid free 
single-bore PVDF fiber is around 35-45 LMH [4, 19, 33, 34]. The decline in the 
permeation flux is mainly caused by the reduction of effective area for vapor transport and 
condensation. The finding is similar with the experimental results of rectangular 




Figure 5.9 The DCMD permeation flux and EE of MBF membranes spun with 
different conditions a) bore flowrate, b) dope flowrate, c) take-up speed. 
 
Compared with the traditional single-bore fiber, polymers between bore channels act as 
the membrane matrix to improve the mechanical rigidity for both axial and radial 
directions. Hence smaller area can be utilized for vapor condensation. Besides, this 
polymer matrix also reduces the overall thermal resistance, hence a slightly lower EE is 
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observed too [35, 36]. Along with the permeation flux and EE, the rejection of NaCl salt is 
close to 100% for all the MBF membranes, where the electrical conductivity of the 
permeate water is always lower than 1.5 µs/cm. 
 
With different bore/dope flowrates, a slight improvement can be observed with larger bore 
flowrate, while bigger improvement for reduced dope flowrate. The variation of DCMD 
permeation flux and EE is due to the similarity in membrane geometry and difference in 
membrane wall thickness. For MBF membrane MBF-11, the permeation flux is as high as 
67.9 LMH at a 90 °C feed solution, which is even higher than most of single-bore fibers. 
The high performance is mainly credit to the small wall thickness around 40 µm at a 
reduced dope flowrate. From the heat and mass transfer simulation or semi-empirical 
correlations reported previously, the optimum membrane thickness of a DCMD membrane 
to achieve highest water flux ranges between 10 – 40 µm, where some difference may 
come from the assumptions of different membrane structure parameters [9, 37, 38]. 
 
This thickness of MBF-11 falls within the optimum range of wall thickness concluded 
from the previous works. It could provide a shorter pathway for vapor transport, while 
maintain the membrane thermal resistance and effective driving force. But the single-bore 
hollow fiber membranes are usually fabricated with wall thickness higher than 100 µm [11, 
19, 30, 37, 39]. Further reduction in membrane thickness could result in fiber collapse and 
ease damage. For MBF membranes, even though the fiber wall is thinner, the maximum 
mechanical load of this membrane is still as high as 2.4 N. Therefore the MBF membrane 




5.3.3.2 Effect of take-up speed      
The permeation fluxes and EE obtained for MBF membranes with different take-up speed 
are shown in Figure 5.9 c).  An improvement in the DCMD performance can be seen with 
MBF membranes spun with higher take-up speed. The enhancement of permeation flux is 
mainly contributed by two factors, namely, 1) decrease of vapor transport resistance with 
thinner and more uniform fiber wall and 2) increase of temperature polarization 
coefficient with higher heat transfer coefficients.  
 
With higher take-up speed and draw ratio, the diameter and wall thickness of the spun 
MBF membranes decrease simultaneously. Furthermore, a membrane wall with more 
uniform wall thickness is obtained owing to the take-up stretching. The different geometry 
could reduce the vapor transport resistance across the membrane. In addition, the wheel 
shape channel could provide higher fraction of effective inner surface for vapor 
condensation.  
   
Beside the vapor reduced vapor transport resistance, the higher temperature polarization 
coefficient plays another important role in enhancement of DCMD performance. As the 
same linear velocity of permeate solution is applied for all membrane modules, there is a 
higher heat transfer coefficient ( ph ) for fiber with smaller inner channel size (refer to the 





the take-up speed increases from fee fall to 10 m min
-1
. Hence the temperature difference 
between two membrane surfaces will be higher, which provides a higher driving force. 
  




































Pr           
where Nu is the Nusselt number, k is the thermal conductivity values, Re are the 
Reynolds numbers, Pr is the Prandtl numbers, f and p denote the feed and permeate sides 
respectively, L is the module length and 
i
D is the equivalent inner diameter of the MBF 
membrane. 
 
It is worth noting that along with the higher heat transfer coefficient, the hydraulic 
pressure built up within the lumen side of membranes is increasing exponentially. From 
take-up speed of free fall to 10 m min
-1
, the pressure built up increases from around 2.0 
psi to 11.5 psi. This should be due to the reverse relationship between the pressure built up 
and the square of bore diameter (
2
iD ). Specific to the laminar flow region, a 50% 
reduction in inner diameter would result in an about four times increase in pressure built 
up [40]. This implies the importance of a suitable bore diameter so as to balance the 
permeation performance and hydraulic pressure built up. 
 
5.3.3 Continuous DCMD experiment 
The continuous long-term DCMD desalination performance of the fabricated MBF 
membrane is conducted for 300 h.  In order to test the membrane performance in a more 
robust environment, the inlet temperature of feed solution is switching between 50 °C and 
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70 °C about every 12 h. The permeation flux is shown in Figure 5.10a), while separation 
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Time (h)
Figure 11: Continuous DCMD desalination experiments for MBF membrane (MBF-1). a): permeation flux, b): salt rejection 
& permeate salinity.
 
Figure 5.10 300 hr Continuous DCMD desalination experiments for MBF membrane 
(MBF-1). a): permeation flux, b): salt rejection & permeate salinity. 
 
Though different temperatures are applied, the permeation flux and separation factor are 
very stable during the whole test. The permeation fluxes are about 7.3 ± 0.5 LMH and 
15.8 ± 0.6 LMH for feed inlet temperatures of 50 °C and 70 °C, respectively. The 
separation factor and permeate salinity for the whole experiment are 99.99778 ± 0.00009 
% and 0.78 ± 0.03 ppm respectively. The salinity of permeate stream is better than the 
standard of DI water (~10 ppm). Furthermore, the separation factors for two feed 
temperatures are similar. This indicates the superior stability of MBF membranes at both 




In this work, we have studied the fabrication and performance of the multi-bore fiber 
(MBF) membranes with lotus root-like geometry for DCMD application. MBF 
membranes with uniformly distributed bore structure have been successfully fabricated 
with optimized dope formulation and spinning conditions. The following conclusions are 
drawn from this study: 
1) The uniform seven-bore geometry has been well maintained for MBF membranes spun 
with different bore flowrate, dope flowrate and take-up speed. A layer of fiber-like 
network is formed on top of the membrane inner surface. This may be caused by the 
high pressure difference between dope and bore fluid. Meanwhile, the relative size of 
center bore channel tends to decrease with reducing bore flowrate. This is probably 
attributed to the non-uniform distribution of bore fluid flowrates among the spinneret 
needles. It is also noticed that under take-up drum stretching, the lotus-root structure 
gradually become the wheel structure as the take-up speed increases. 
2) The mechanical properties of MBF membranes are much better than the single bore 
and rectangular MBF membranes. Compared with the similar maximum load and 
Young’s modulus for varied bore flowrate, MBF membranes with a lower dope 
flowrate show similar Young’s modulus but reduced maximum load. An increase in 
Young’s modulus and decease in maximum load with enhanced take-up speed is 
observed. This observation is closely related to the phase inversion mechanism and 
resultant globule structure at membrane cross-section.        
3) The DCMD performance of MBF membranes is slightly lower than the traditional 
single-bore hollow fiber owing to the compensation of effective vapor condensation 
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area. This gap can be minimized by lowering the dope flowrate or increasing the take-
up speed.  
4) The 300 h continuous DCMD experiment has shown superior long-term operation 
stability of MBF membranes. The permeation flux and rejection higher than 99.9977% 
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CHAPTER 6: Highly Asymmetric Multi-bore Hollow Fiber 




6.1 Introduction  
Membrane Distillation (MD) is an emerging membrane separation technology based on 
the mechanism of liquid/vapor equilibrium and the transportation of volatile compounds 
[1]. In the past decade, the potential applications of MD have been extensively studied,  
including seawater desalination, wastewater treatment, concentration of ions and colloids, 
removal of volatile organic compounds, and so on [2-8]. Credit to its ability of 
maintaining a stable permeation flux at high solute concentrations, the MD process is 
often integrated with other existing separation processes for the enhancement of water 
recovery, reclamation of draw solution and simultaneous production of ultra-pure water 
[9-11]. 
 
Among different MD configurations, direct contact membrane distillation (DCMD) is the 
commonest and mostly studied MD configuration. As shown in Figure 6.1, the heat 
transfer for DCMD is firstly transferred from the bulk feed solution to the membrane via 
the boundary layer and their interface. The heat is then transmitted across the membrane in 
both forms of latent heat and conductive heat. Subsequently, the heat is transported from 
the permeate interface and eventually absorbed by the cold permeate solution. Unlike the 
DCMD configuration, vacuum is applied in the permeate side of a vacuum membrane 
distillation (VMD) configuration to induce liquid vaporization and transportation. For 
most VMD applications, the vaporized compounds are condensed by an external 
condenser [12]. As compared with DCMD and also other MD configurations, the VMD 
configuration was demonstrated to exhibit a higher permeation flux and improved thermal 
































Figure 6.1 Heat and mass transport mechanism for DCMD (left) and VMD (right). 
 
The higher flux of the VMD process arises from two factors; namely, 1) enhanced vapor 
transportation and 2) higher temperature polarization coefficient (TPC). The enhanced 
vapor transportation is caused by the vacuum applied at the permeate side. Thus, the 
diffusion of water vapor inside the pores can be significantly enhanced by the pressure-
gradient driven Poiseuille flow, which commonly takes place in parallel with molecular 
and/or Knudsen diffusion [12]. On the other hand, the higher TPC indicates a higher 
effective driving force for the VMD process because there is a closer theoretical vapor 
pressure across the membrane. Since the water vapor is removed immediately at the VMD 
permeate side, the boundary layers for heat and mass transfer in the permeate side are 
significantly mitigated, as illustrated in Figure 6.1.  In addition, because the membrane 
pores are vacuumed, the thermal conduction across the membrane matrix is minimized. As 
a result, not only can the feed temperature and the vapor pressure facing the membrane 
surface be maintained at higher values but also the VMD process has an overall higher 




Like all MD processes, the essential requirements on VMD membranes are (1) excellent 
wetting resistance and (2) high permeation flux [14, 15]. In order to maintain pores in a 
dry state, the trans-membrane hydraulic pressure across the MD membrane should never 
exceed or even be close to the membrane’s liquid entry pressure (LEP)  [16]. However, 
due to the applied vacuum, membranes for VMD require higher constraints on wetting 
resistance and radial-direction mechanical strength than those for DCMD. The suitable 
VMD membrane needs to be designed with smaller pores at the functional surface in order 
to generate a higher wetting resistance. As a result, Knudsen diffusion is the dominant 
diffusion mechanism at the liquid contact surface [17]. Based on the previous MD studies 
[18, 19], the LEP of a MD membrane is often affected by membrane’s micro-structure, 
mechanical strength and toughness, especially the anti-expansion ability of the liquid 
contacting surface [20]. For instance, the LEP values of flat asymmetric PVDF 
membranes cast on a nonwoven support exhibited almost twice of those without support 
[18]. A similar phenomenon had also been found in our previous hollow fiber membranes 
[19]. In this regard, the recently developed multi-bore membranes are appealing as new 
VMD membranes because of their superior mechanical properties [21, 22]. However, their 
permeation properties must be improved in order to increase the water productivity. 
 
Therefore, the first objective of this work is to develop a new-generation high-
performance VMD membrane with a multi-bore hollow fiber (MBF) configuration 
consisting characteristics of superior mechanical durability and wetting resistance.  We 
aim to design (1) the bulk matrix of the membrane to be fully porous and inter-connected 
so that it has a high permeation flux and a low thermal conductivity and (2) the surface 
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facing the feed to be tight with a reduced pore size so that it can prevent the membrane 
from wetting. In addition, the fundamental science and engineering to bridge membrane 
morphology and VMD performance to spinning conditions such as bore fluid composition 
and dope composition as well as post treatment methods will be explored. Various 
membrane properties will be characterized in order to study the transport mechanism and 
membrane formation. Both MBF and traditional single-bore hollow fiber (SBF) 
membranes will be prepared for comparison. To our best knowledge, this is the first work 
using multi-bore membranes for VMD. For this reason, the effects of operational 
parameters on the MBF based VMD process will also be investigated and elucidated.   
 
6.2 Experimental 
6.2.1 Spinneret design and membrane fabrication 
The MBF PVDF membranes were fabricated via a dry-jet wet phase inversion spinning 
process by a specially designed seven needle spinneret. The details of spinning process 
and the spinneret design have been documented elsewhere [7, 23, 24]. Unlike the 
conventional single-bore spinneret, the MBF spinneret had seven needles, which are 
distributed uniformly within the spinneret space. During spinning, the dope solution and 
bore fluid were extruded at specified flow rates through the spinneret by two ISCO 
syringe pumps (Teledyne, 1000D). The temperature of polymer dope was kept at 40 °C by 
a thermal meter and heat jacket connected to a temperature circulator (F12, Julabo). After 
entering the coagulation bath, the precipitated membranes were collected by a take-up 
roller. To avoid the uneven distribution of polymer dope, the bore fluid and polymer dope 
were injected from the side and top of the spinneret, respectively. Experiences and extra 
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carefulness were needed to achieve more uniform distribution of dope solution at the 
spinneret outlet. For the purpose of comparison, a traditional single-bore hollow fiber 
(SBF) was spun with a single-bore spinneret with the same needle dimension. 
 
6.2.2 Membrane post-treatment 
Table 6.1 Spinning conditions of MBF membranes. 





























Dope flow rate (ml min-1) 14
Bore flow rate (ml min-1) 7
Take up speed (m/min) Free fall
External coagulant (wt%) IPA/water: 60/40
Air gap (cm) 3
Temperature (ºC) 25-29
Humidity 65%-75%
Post treatment Freeze dry
Table 1: Spinning conditions of MBF membranes: a) MBF1-MBF5, SBF and b) MBF6-MBF11.



















Dope flow rate (ml min-1) 14
Bore flow rate (ml min-1) 7
Take up speed (m/min) Free fall
External coagulant (wt%) IPA/water: 60/40
Air gap (cm) 3
Temperature (ºC) 25-29
Humidity 65%-75%
Post treatment Freeze dry Freeze dry Freeze dry Air dry IPA* IPA+hexane**
* IPA: solvent exchanged with IPA before air dry




After spinning, the as-spun MBF membranes were immersed in tap water around 4 days 
for a complete solvent removal. Subsequently, most of the wet fibers were frozen in a 
refrigerator and dried for 12 h in a freeze drier (S61-Modulyo-D, Thermo Electron Corp.). 
For the comparison of drying methods, three other post treatment methods were adopted 
for some of the MBF membrane samples. In the air drying method, the wet fibers were 
hanged in an air-conditioned room under air drying for 7 days. In the IPA solvent 
exchange method, the membrane samples were solvent exchanged with an excessive 
amount of IPA for 3 h before air drying for 7 days. In the IPA and hexane dual-solvent 
exchange method, the wet membrane samples were solvent exchanged with an excessive 
amount of IPA and then hexane for 3 h respectively before air drying for 7 days. All the 
spinning and post treatment conditions have been repeated for three times to ensure the 
reproducibility. The detailed spinning conditions of all membranes were summarized in 
Table 1.  
 
6.3. Results and discussion 
6.3.1General membrane characterizations 
Figure 6.2 displays the morphologies of membrane surface, cross-section, pores and 
globules of a typical MBF membrane with an ID of MBF3. The membrane has a lotus 
root-like structure composed of seven uniformly distributed inner bore channels. The 
average diameter of the inner bore channels is around 1.19 mm, while the outer diameter 
of the lotus root-like membrane is about 5.62 mm. Since pure water at 0 °C was used as 
the internal coagulant (bore fluid), the demixing process occurred instantaneously, which 
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suppressed the PVDF nucleation and crystallization [25, 26]. As a result, each bore 
channel consists of a tight inner surface full of small pores with high wetting resistance. 
Inner surface 1 Cross-section 1
Cross-section 2Outer surface
Inner surface 2Enlarged inner surfaceI ner surface
 
Figure 6. 2 The cross-section and surface morphologies of a typical MBF membrane 
(MBF3). 
 
In addition, a weak external coagulant consisting of IPA/water (60/40) was used to induce 
delayed demixing that facilitated both pore formation and PVDF crystallization [19]. 
Hence, the outer surface and the outer cross-section area not only have a porous structure 
but also comprise interconnected globules.  
 
From enlarged cross-section images as shown in the upper right of Figure 6.2, the 
asymmetric membrane has finger-like macrovoids near the inner surface due to the rapid 
phase inversion and non-solvent (i.e., water) intrusion, while a sponge-like porous 
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structure is formed close to the outer surface owing to the delayed demixing. The bulk 
porosity of the lotus root-like membrane is around 81 %. The bottom row of Figure 6.2 
also elucidates the detailed evolution of pore structure from the region underneath the 
inner surface to the middle of the cross-section and finally to the region close to the outer 
surface. The micro-morphology gradually transforms from a fully connected cellular 
structure to an interconnected globular structure and eventually to a porous structure full 
of tiny globules. Consistent with the previous discussion, the transition of surface 
morphology and pore structure across the membrane is caused by the distinguishing 
opposite effects of internal and external coagulants accompanying with the effect of 
PVDF crystallization [27, 28]. Hence the cross-section near the outer surface not only has 
a porous structure but also contains different degrees of interconnectivity among globules. 
The interconnectivity might provide additional mechanical strength. Figure 6.3 shows the 
tensile load versus extension (i.e., tensile strain) measured by a tensiometer. Similar to 
most polymeric materials, the fiber firstly exhibits an almost linear increase in tensile load 
as a function of strain that represents a reversible elastic deformation. After the strain and 
load exceed certain values (3.8N, 4.5%), there is a region of irreversible deformation 


































Figure 6.3 The tensile load versus extension plot for the MBF membrane (MBF3), 
generated by the tensile tensiometer. 
 
Table 6.2 summarizes the tensile properties, LEP, burst pressures of all MBF and SBF 
membranes as well as their dimensions and porosity. Depending on spinning conditions, 
the tightness of the inner surface and the overall mechanical strength, the LEP value can 
vary from 1.28 to 4.7 bar. In the case of the MBF3 membrane, it has an impressive LEP as 
high as ~2.8 bar which well exceeds the operating pressure of the VMD process. In 
addition, it has a high burst pressure of ~4.28 bar coinciding with the excellent hoop 
mechanical strength of the multi-bore configuration.  
 




Membrane ID MBF1 MBF2 MBF3 MBF4 MBF5 SBF
OD/ID (µm/µm) 5459/1306 5669/1145 5622/1199 5450/1033 4882/1139 1543/962
Porosity (%) 77.6±0.1 81.4±0.2 81.3±0.1 80.7±0.1 66.8±0.2 81.5±0.6
Maximum load (N) 13.33±0.57 11.38±0.43 11.74±0.85 13.58±0.54 15.95±0.23 1.31±0.12
Maximum tensile stress (Mpa) 1.37±0.03 0.97±0.02 1.03±0.05 0.94±0.04 1.59±0.02 1.15±0.01
Young's modulus (Mpa) 22.31±3.8 18.26±2.3 20.47±3.0 21.26±3.18 44.3±6.7 21.39±3.3
Maximum tensile strain (%) 48.4±7.2 30.8±0.3 29.6±5.1 17.4±2.0 23.5±1.2 41.5±1.8
LEP (bar) 1.79±0.09 2.66±0.14 2.66±0.14 2.26±0.25 2.38±0.19 1.63±0.14
Burst Pressure (bar) 2.83±0.17 4.28±0.27 4.28±0.27 5.08±0.23 5.57±0.31 2.57±0.17
Membrane ID MBF6 MBF7 MBF8 MBF9 MBF10 MBF11
OD/ID (µm/µm) 5344/1074 5389/1017 5349/1054 4079/820 4452/961 5618/1083
Porosity (%) 82.8±0.1 85.4±0.2 86.5±0.1 55.3±0.3 69.1±0.1 82.8±0.2
Maximum load (N) 9.49±0.15 9.22±0.37 8.44±0.15 28.25±0.38 13.69±0.46 10.33±0.42
Maximum tensile stress (Mpa) 0.67±0.01 0.66±0.03 0.59±0.04 3.71±0.05 1.5±0.05 0.72±0.03
Young's modulus (Mpa) 12.9±1.0 12.8±1.7 12.6±1.6 148.4±15.3 38.3±7.11 17.9±0.85
Maximum tensile strain (%) 31.8±2.6 29.0±3.8 30.5±3.7 6.3±1.6 23.9±1.3 33.4±3.5
LEP (bar) 2.60±0.17 1.86±0.13 1.28±0.10 3.89±0.25 4.75±0.37 2.67±0.09
Burst Pressure (bar) 3.41±0.24 2.47±0.43 2.31±0.35 11.41±3.14 6.21±0.63 3.38±0.31
Table 2: Characteristic properties of MBF membranes: a) MBF1-MBF5, SBF and b) MBF6-MBF11.
 
 
6.3.2 Comparison between multi-bore and single-bore geometries 
As demonstrated in our previous reports, membranes with multi-bore configurations could 
provide better mechanical strength and wetting resistance as compared with the single-
bore configuration [11, 21, 29]. In the case where the feed is contacted with the inner 
surface, the effective contact area of the MBF membrane could be ~50% higher than the 
SBF membrane if both hollow fibers have a similar dimension.  
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Multi-bore holler fiber 
(MBF3)
Single-bore holler fiber 





Figure 6.4 The morphologies of MBF3 and SBF membranes spun with the same 
composition and temperature.  
 
Figure 6.4 shows a comparison of MBF and SBF membrane morphologies spun from 
similar conditions, while Figure 6.5 illustrates their physicochemical properties including 
bulk porosity, mechanical strength, LEP, burst pressure and VMD fluxes.  
 
Since the same dope and coagulation conditions were employed, no difference can be 
found on the inner and outer surfaces morphologies. The cross-sections also show a 
similar structure with a layer of finger-like macrovoids close to the inner surface. The only 
morphological difference is that the MBF membrane has a slightly thicker wall than the 
SBF membrane. The MBF membrane has a much higher tensile load and reversible 
maximum load due to its larger overall cross-section area. As the lotus-root-like multi-
bore structure could maximize the mechanical stability at the radial direction, the LEP and 
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burst pressure of the MBF membrane are much higher than those of the SBF membrane. 
The LEP of the MBF membrane is about 65% higher than the SBF membrane, while the 
burst pressure improves 67%. The MBF membrane has a thicker membrane wall and 
higher transfer resistance, hence the fluxes of the MBF membrane are considerably lower 
based on the inner surface areas. However, the two membranes have comparable VMD 
performance based on outer surface areas. This is probably attributed to the larger 
effective area of the MBF inner surface as discussed earlier. 
C
 
Figure 6.5 A) Bulk porosity, B) Mechanical strength, C) and D): VMD permeation 
fluxes of MBF3 and SBF membranes based on inner and outer surface of the fibres.   
 
6.3.3 Effect of bore fluid composition 
In order to further optimize the pore size of the inner channel surface, the bore fluid 
composition was varied during spinning in order to induce different solvent strengths and 
inner surface morphologies. The left two columns of Figure 6.6 display the effects of bore 
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fluid temperature (0 and 40 ºC water) while the right two columns show the effects of bore 
chemistry (50/50 and 70/30 NMP/water at 0 ºC) on cross-section and inner surface 
morphologies. 
 
Figure 6.6 The cross-section and inner surface morphologies of MBF membranes 
spun from different bore fluid compositions and temperatures.  
 
Opposite transitions of the amounts of pores in the inner surface and macrovoids in the 
cross-section can be observed with a decrease in bore fluid strength. Water at 0 ºC is the 
strongest bore fluid that results in the MBF membrane with large macrovoids and very 
tight surface pores, while water at 40 ºC brings about a similar macrovoid structure but an 
inner surface with slightly larger pores. The mechanisms of pore and macrovoid formation 
for these two membranes follow the typical solvent-nonsolvent instantaneous de-mixing 
[30]. On the other hand, a slightly weaker bore fluid of 50/50 NMP/water at 0 °C produces 
the MBF membrane with obviously larger surface pores and much smaller macrovoids. A 
further decrease in bore fluid strength to 70/30 NMP/water of 0 °C causes an irregular 
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membrane geometry, which cannot be used for membrane characterizations and 
performance tests.  
 
A comparison of membrane properties including bulk porosity, mechanical strength, LEP, 
burst pressure and VMD flux as a function of bore fluid chemistry and temperature is 


























































Figure 6.7 A) Bulk porosity, B) Mechanical strength, C) LEP & burst pressure and 
D) VMD permeation fluxes of MBF membranes fabricated from different bore fluid 
compositions and temperatures.   
 
Owing to the differences in macrovoid number and size, the MBF membranes spun from 
stronger bore fluids show higher porosity.  Interestingly, the membrane spun from the 
bore fluid of pure water at 40 °C has the lowest tensile strength possibly due to large 
macrovoids and weak interconnected microstructure. The MBF membrane spun from the 
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bore fluid of 50/50 NMP/water at 0 °C shows the highest tensile strength probably 
because of the almost macrovoid-free cross-section morphology and better interconnected 
microstructure [31]. Unlike tensile strength measured along the axial direction, the radial 
direction LEP and burst pressure mainly follow the tightness of inner-surface pore size. 
The tighter surface due to the smaller pore size exhibits the higher LEP and burst pressure. 
On the other hand, flux increases with pore size. The MBF membrane spun from the bore 
fluid of 50/50 NMP/water at 0 ºC has the highest VMD flux, while MBF membranes spun 
from water at both 0 °C and 40 °C show similar and lower VMD fluxes.   
 
6.3.4 Effect of polymer concentration 
Figure 6.8 illustrates the SEM images of cross-section and surface morphologies of MBF 
membranes fabricated from dopes with different PVDF concentrations from 12 wt% to 15 
wt%. Water at 0 °C was employed as the bore fluid for all membranes. Regardless of 
which polymer concentration, all hollow fiber membranes have finger-like macrovoids 
located immediately underneath the inner surface. However, due to the low dope viscosity 
at a lower polymer concentration (i.e., 12 wt%), water intrusion is very severe. The 
resultant membrane has finger-like macrovoids almost across the entire membrane 
thickness. In addition, its outer surface shows a high percentage of polymer-lean regions 
[32] magnified by large surface pores and a diverse pore size distribution. As polymer 
concentration increases, water intrusion is suppressed and there are more regions of 










Fig.9: The cross-section and inner surface morphologies of MBF membranes spun from different dope concentrations. 
12 wt% MBF8 13 wt% MBF7 14 wt%  MBF6                           15 wt% MBF3
Polymer concentration
 
Figure 6.8 The cross-section and inner surface orphologies of MBF membranes 
spun from different dope concentrations.  
 
Figure 6.9 displays various membrane properties as a function of PVDF concentration in 
spinning dopes. The MBF membranes spun from lower polymer concentrations show 
higher porosity, reduced mechanical strength, lower LEP and burst pressure. 
Correspondingly, these membranes not only have larger surface pores and higher porosity 
but also exhibit impressive permeation fluxes for all feed temperatures. For instance, at a 
feed temperature of 80 °C, the VMD flux of the MBF membrane spun from 12 wt% 
PVDF is as high as 72 LMH. However, although no leakage was found during the VMD 
experiment of this MBF membrane, its lower LEP (1.3 bar) might be an issue during the 






Figure 6.9 A) Bulk porosity, B) Mechanical strength, C) LEP & burst pressure and 
D) VMD permeation flux with MBF membranes fabricated from different polymer 
concentrations.   
 
6.3.5 Effect of pore forming agent 
EG is a non-toxic pore forming agent, it has been widely used in membrane manufacture 
to generate pores and porosity for flux enhancement [19]. As a non-solvent in the PVDF-
NMP binary system, the addition of EG would possibly increase dope viscosity as well as 
bring the solution closer to the gelation point. With a solubility parameter of 36.2 mega-
pascals, the coagulation strength of EG is between water (47.8 mega-pascals) and IPA 
(23.5 mega-pascals) [3, 22]. As a result, membranes spun from dopes containing EG 
would have a slow phase inversion and a more porous structure in membrane cross-
section. Figure 6.10 shows the cross-section and surface morphologies of MBF 
membranes fabricated from dopes comprising various EG from 0 to 10 wt%. A further 
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increase in EG content causes the dope gelation. The MBF membranes spun from dopes 
containing 5 and 10 wt% EG are more porous in both cross-section and surfaces, while no 
obvious surface pores can be observed for the membrane spun without EG. Though all 
membranes have finger-like macrovoids, the membrane spun without EG shows much 
smaller macrovoid sizes due to the hydrophobic nature of PVDF and less water intrusion. 
These morphological findings agree well with previous reports on the effects of non-






10 wt% MBF3 5 wt% MBF4 0 wt% MBF5                            
EG concentration
 
Figure 6.10 The cross-section and inner surface morphologies of MBF membranes 
spun from dopes with different EG concentrations.  
 
Figure 6.11 displays various membrane properties such as porosity, maximum load, LEP, 
burst pressure and flux as a function of EG content for these MBF membranes. When no 
EG is added into the dope, the resultant membrane exhibits the lowest bulk porosity of 
66.8%. With increasing EG content, the porosity increases simultaneously up to 81.3%. 
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Owing to the increased porosity and macrovoid size, the Young’s modulus, LEP and burst 
pressure are lower for membranes spun with a higher EG concentration, while the VMD 
flux follows the opposite trend.    
 
 
Figure 6.11 A) Bulk porosity, B) Mechanical strength, C) LEP & burst pressure and 
D) VMD permeation flux with MBF membranes fabricated from different EG 
concentrations.   
 
6.3.6 Effect of post treatment concentration 
Unlike RO, MF and most membranes used for liquid separation, MD membranes need to 
be thoroughly dried after membrane fabrication. However, it was found in previous 
reports that the drying of wet MD membranes at ambient temperatures results in a severe 
membrane shrinkage and reduction in permeation performance [33, 34]. The effect that 
takes place during membrane drying is attributed to the capillary force acting on the fine 
pores. Due to the high surface tension, the force at the air-water interface is so large that 
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the pore walls are pulled together and collapsed [35]. The structural collapse has greatly 
restricted water flux across the membrane. Though commonly used freeze dry has been 
proven to be an effective post-treatment method to maintain the pore structure, its real 
application may be constrained by the treatment capacity and energy consumption [19, 36, 
37]. Hence, different solvent exchange treatments followed by air dry have been evaluated 
in this work. Similar to the post-treatment of gas separation membranes, the water-filled 
MBF MD membranes are firstly immersed in water soluble IPA, after which the IPA is 
replaced by hexane, which is a highly volatile alcohol soluble organic compound [38, 39]. 
During the two-step solvent exchange process, the membrane color changes noticeably 
from white to semi-transparent and then back to white, indicating a complete removal of 
water and IPA. 
 
Four different post-treatments are evaluated; namely, (1) MBF6 - freeze dry, (2) MBF9 - 
air dry (3) MBF10 - IPA followed by air dry and (4) MBF 11 - IPA followed by hexane 
and air dry. For easy comparison, these four MBF membranes were spun from the same 
dope under the same conditions, as shown in Table 6.1. Fig. 13 displays their cross-section 
and surface morphologies after different post-treatments, while Table 6.2 and Figure 6.13 
compare their physiochemical properties and VMD performance. Comparing with the 
membrane post-treated by freeze dry, the membranes post-treated by IPA or water and 
then air dry have higher shrinkages. Since IPA has lower hydrogen bonding and surface 
tension than water [40], the IPA treated membrane has less reduction in porosity, pore size 
and membrane dimension than the water treated membrane. In addition, the shrinkage 
does not only take place on the outer surface, but also on the inner surface. However, the 
reduction in the inner diameter is much smaller than the outer diameter. Besides, bulk 
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densification and pore shrinkage can be noticed. As a result, the IPA and water post-
treated membranes have much higher LEP values and burst pressures but much lower 
VMD permeation fluxes due to the reduced pore sizes and bulk porosity [20]. Although 
their LEP and burst pressures far exceed the requirements for VMD operations, their 

















Figure 6.12 The cross-section and surface morphologies of MBF membranes with 
different post treatments 
Interestingly, there are no sharp differences in morphologies and bulk porosity between 
membranes posted-treated by freeze dry and two-step solvent exchange (IPA + hexane) 
except the VMD flux is slightly lower for the membrane post-treated by IPA and then 
hexane. The well maintained micro-structure indicates the minimum pore collapse during 
freeze dry and hexane evaporation. Clearly, the low surface tension of volatile hexane 
contributes to the integrity of pore structure due to the low capillary force between liquid 
hexane and pore walls [38]. It is interesting to note that the mechanical strength and burst 
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pressure of the membrane post-treated by the two-step solvent exchange are higher than 
that post-treated by freeze dry. This is possibly attributed to minor damage in membrane 
micro-structure during freeze dry. From this aspect, the solvent exchange method 
consisting of IPA and then hexane may be a better choice.  
 
Figure 6.13 A) Bulk porosity, B) mechanical strength, C) LEP & BP and D) VMD 
permeation flux of MBF membranes after different post-treatment methods and then 
air dry.    
 
6.3.7 Effect of pore forming agent combination 
In order to obtain a PVDF membrane with a desirable morphology and permeation 
performance, addition of pore forming agent to polymer dope an efficient and widely used 
method. The pore forming agents involved in PVDF membrane preparation include small 
molecule nonsolvents (i.e., EG, alcohol, water.), inorganic salt (i.e., LiCl) and polymer 

















Figure 6.14 The cross-section and surface morphologies of MBF membranes with 
different pore-forming agent combination.  
 
The type of pore forming agents plays an important role in membrane formation and 
membrane’s separation performance. For example, if high molecular weight PEG or PVP 
was added into the PVDF dope, there is a decrease in the membrane hydrophobicity or 
even a conversion from hydrophobicity to hydrophilicity due to the hydrophilic PEG or 
PVP polymer residue in the membrane matrix. In this work, three types of pore forming 
agents have been investigated. Figure 6.14 shows the cross-section and surface 
morphologies of MBF membranes fabricated from dopes comprising: 1) 10 wt% EG, 2)10 



















































































Figure 6. 15 A) Bulk porosity, B) mechanical strength, C) VMD permeation flux of 
MBF membranes with different pore-forming agent combination. 
 
Figure 6.15 displays various membrane properties such as porosity, maximum load, 
contact angle and VMD flux as a function of different pore forming agents in the MBF 
membranes. EG and PEG are non-toxic pore forming agents that have been widely used in 
membrane manufacture to generate pores and porosity for flux enhancement. As a non-
solvent in the PVDF-NMP binary system, the addition of EG and PEG would increase 
dope viscosity as well as bring the solution closer to the gelation point [16]. As a result, 
membranes spun from dopes containing EG or PEG would have a more porous structure 
in membrane cross-section. Due to the difference in non-solvent strength, it can be 
observed that the membrane fabricated with PEG-400 has bigger macrovoids at the cross-
section. Similar observations can be found in the case when alcohol and water used as the 
pore forming agents. Probably due to the bigger macrovoid, the MBF spun with PEG-400 
exhibits enhanced permeation fluxes but reduced mechanical strength [19]. Unlike some 
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cases when higher molecular weight PEG, PEO and PVP are used, the contact angle of 
this fiber is almost not affected by the PEG-400 added into the polymer dope. This 
indicates the complete removal of small PEG molecules in the nascent membranes. 
 
LiCl is a powerful inorganic pore forming agent during membrane preparation. The 
macromolecule complex formed between the Li
+
 and electron donating groups of PVDF 
and NMP could increase the dope viscosity and affect the dope precipitation rate, which 
could enhance the permeation properties. However, a severe reduction in the mechanical 
strength was also observed in the case of PVDF polymer. Hence, a combination of 9 wt% 
EG+1 wt% LiCl is employed in an attempt to affect the membrane formation from 
different mechanisms and balance the membrane mechanical strength and permeation 
properties. As compared with the membrane fabricated with EG only, there is an increase 
in the maximum tensile strain from 29.6% to 35.2% but decrease in the Young’s Modulus 
from 20.47 Mpa to 10.5 Mpa. This is probably caused by the Li
+
-PVDF macromolecule 










Figure 6.16: The globule morphologies of MBF membranes with different pore-
forming agent combination 
 
Shown in Figure 6.16, the membranes fabricated with EG or PEG-400 additives consist of 
inter-connected globule structures, while the membrane fabricated with EG+LiCl additive 
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only has globule structures. Proven by previous reports, this kind of globule structure 
without any interconnection often suffers from a low mechanical strength. Owing to the 
lower mass transport resistance of globule structure and larger macrovoid, the VMD 
permeation fluxes of this MBF membranes is higher than the MBF fabricated with EG 
only. However, occasional increase of permeate salinity was noticed during the repeating 
VMD performance tests. Hence, the combined EG-LiCl pore forming agent is not 
preferred in this application.      
 
6.3.8 Comparison of 6-bore and 7-bore geometries 
Figure 6.17 A) illustrates the microscopic images of MBF membranes fabricated from 
spinnerets with 7 and 6 needles. The center of the 7-bore MBF is occupied by a bore 
channel while that of 6-bore MBF is occupied by polymer. Figure 6.17 B) displays various 
membrane properties for MBFs with 7 and 6 bore channels. A decrease in bulk porosity is 
probably due to the PVDF polymer with lower porosity in the center portion. With a lower 
porosity, the Young’s modulus for 6-bore MBF is higher [16,28]. Improvements were 
noticed on LEP and burst pressure. Depending on different feed temperatures employed, 
the fluxes of 7-bore MBF are 10-15% higher than those of the 6-bore MBF. It is clear that 
the center bore channel in the 7-bore MBF contribute towards the total water production. 
Even though the diffusion pathway in this channel is longer, the diffusion resistance in the 
membrane matrix may be less significant in a VMD process due to the combined 
Poiseuille flow and molecular diffusion [19]. However, considering the minor difference 
in membrane structures, it is difficult to conclude how much the center channel 




Figure 6.17: A) Microscopic images, B) Bulk porosity, C) Mechanical strength, D) 
LEP & burst pressure and E) VMD permeation fluxes of MBF membranes 
fabricated from spinnerets with 7 and 6 needles.  
 
6.3.9 MD performance  
6.3.9.1 Comparison with DCMD performance  
Figure 6.18 A displays a comparison of permeation flux as a function of feed temperature 
using the MBF3 membrane for both VMD and DCMD processes. The permeation fluxes 
of both MD configurations increase exponentially with feed inlet temperature. This agrees 
well with previous studies on MD processes [16, 19, 41, 42] because of the exponential 
dependence of water vapor pressure with temperature. Consistent with the hypotheses in 
the Introduction section, the VMD configuration has a higher permeation flux than the 
DCMD owing to the vacuumed pores and the better thermal insulation. The vacuum 
applied in MD not only generates the significant poiseuille flow, but also minimizes the 
thermal conductivity and simultaneously increases TPC, the effective driving force, across 




Figure 6.18 Comparison of (A) permeation flux and (B) EE values of MBF3 between 
VMD and DCMD processes. VMD operation conditions: feed velocity: 0.15 L/min, 
permeate vacuum: 10 mbar. DCMD operation conditions: feed flowrate: 0.15 L/min, 
permeate flowrate: 0.15 L/min, permeate inlet temperature: 15 ºC.    
 
As mentioned in the Introduction section, there are different diffusion mechanisms during 
VMD and DCMD processes even for the same membrane. The transport mechanism of 
water vapor in the pores of MD membranes is generally determined by the relative size of 
pore diameter and the mean free path of water vapor and air (λ). Since air and vapor are 
continuously removed from the membrane pores in VMD, the molecular collision and 
consequently molecular diffusion are dramatically reduced under high vacuum. The mean 




























                                                                                       (6.1)                                                                           
w where   is the mean molecular free path evaluated at the average membrane 
temperature ( mT ) and pressure ( TP ); Bk  is the Boltzmann constant; w and a are the 
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collision diameters of water and air molecules, respectively; wM  and aM  are the 
molecular weights of water and air, respectively. This equation implies that the mean free 
path of water vapor and air has a reverse relationship with the total pressure (vapor density) 
of the mixture.  
 
Assuming the pressure in membrane pores is maintained at 10 mbar, the mean free path in 
the VMD process at 50 °C is around 11.1 µm, while it is about 0.11 µm in a DCMD 
process operated at an atmospheric pressure. Since the pore size of the MBF is around 0.1-
0.3 um, the diffusion of water vapor is dominated by paralleled Knudsen diffusion and 
Poiseuille flow in the VMD process while Knudsen and molecular diffusion in series are 
dominant in the DCMD process. Overall, the vapor diffusion in a VMD process is more 
efficient than the DCMD process owing to the additional Poiseuille flow. 
 
Figure 6.18B compares the EE values of VMD and DCMD processes as a function of feed 
inlet temperature. EE is defined as the ratio of the latent heat transfer to the total heat 
transfer (the sum of latent and conductive heat fluxes). It has been widely used as an 
indication of thermal efficiency for MD [19, 26, 42]. Owing to the exponential and linear 
relationship of these two heat fluxes with the feed temperature, EE often increases with an 
increase in feed temperature [19, 45, 46]. Interestingly, much higher values are obtained 
for VMD, especially in the lower feed temperature region. As compared with DCMD, EE 
of VMD is very insensitive with feed temperature. When the feed temperature increases 
from 40 to 80 °C, EE increases from 20% to 76% for DCMD, while only 76% to 78% for 
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VMD. The high EE value and its insensitivity to feed temperature demonstrate the 
superiority and diversity of VMD over DCMD in real industrial applications.  
 
6.3.9.2 VMD performance with different feed modes 
 
Figure 6.19 (A) VMD permeation flux and (B) EE of MBF3 with different flow 
configurations. Feed linear velocity: 0.25 m/s; permeate side vacuum level: 10 mbar. 
 
There are two feed modes for a hollow fiber module; namely, (1) feed at the lumen side 
and (2) feed at the shell side. Figure 6.19 compares the effects of feed mode and 
temperature on EE value and VMD flux using the outer surface areas for flux calculation. 
Interestingly, the mode of feed at the lumen side gives higher fluxes and higher EE values 
than the mode of feed at the shell side for all temperatures. This enhanced flux for the feed 
at lumen side is a unique feature of the multi-bore configuration because previous VMD 
reports using SBF (i.e., single bore hollow fibers) showed contradictory results [17, 47]. 
This arises from the fact that MBF and SBF membranes display different VMD 
performance characteristics. Under the mode of feed at the lumen side, the MBF 
membrane not only provides a much higher effective evaporation surface (i.e., 48% higher 
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for MBF3) but also better insulation than the SBF membrane. Though all fibers are 
properly sealed with thermal insulation foam, heat is continuously releasing from the hot 
feed to the surroundings. Since the mode of feed at the lumen side has a less heat loss to 
the surroundings than the other mode, it is preferable for the MBF based VMD process.  
  
6.3.7.3 VMD performance with different operational parameters 
 
Figure 6.20 VMD permeation flux and EE of MBF3 with different feed flowrates and 
permeate side vacuum.  (A) feed inlet temperature: 50 °C, permeate vacuum level: 10 
mbar; (B) feed inlet temperature: 50 °C, feed flowrate: 0.15 L/min.  
 
Figure 6.20A and B shows the VMD permeation flux as functions of feed flowrate and 
vacuum pressure, respectively. Both VMD fluxes and EE increase with feed flowrate due 
to the higher convective heat transfer coefficient and TPC. These findings are consistent 
with the previous reports on all MD configurations [9, 16, 19]. In other words, an increase 
in feed flowrate promotes the turbulence flow at the boundary layer and enhances the 
efficiency of convective heat transfer. As a result, the loss of driving force at the boundary 





As demonstrated in Fig. 20B, an increase in permeate side pressure results in a reduction 
in both flux and EE values. The flux decreases from 13 to 11 LMH, and the EE drops 
from 94 to 90% when the permeate pressure increases from 10 mbar to 30 mbar. The 
reduced permeation flux is mainly caused by the reduction of driving force for vapor 
diffusion. The vapor pressure of 3.5wt% NaCl solution is around 121 mbar [19]. As an 
approximation without considering the boundary layer effect, the vapor pressure 
difference decreases from around 111 mbar to 91 mbar when the permeate side pressure 
increases from 10 mbar to 30 mbar. This agrees well with the change of VMD fluxes. 
 
6.4 Conclusions 
In this work, we have conducted fundamental science and engineering to tailor the 
morphologies of multi-bore PVDF hollow fiber membranes for VMD application. The 
following conclusions are drawn: 
1) The newly fabricated MBF membrane is proven as a preferred configuration as 
compared with the SBF membrane due to the larger effective evaporation surface, 
higher mechanical strength and improved wetting resistance. 
2) The desired VMD membrane morphology with a tight contact surface pore and 
porous cross-section can be fabricated with a clever combination of a strong bore 
fluid, a high content of pore forming agent and a suitable polymer concentration in the 
dope. The MBF exhibits high wetting resistance and high VMD fluxes.  
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3) Among four types of membrane post treatments, both (1) freeze dry and (2) a 
combination of IPA, hexane and then air dry methods are able to maintain pore 
structure, minimize membrane shrinkage and ensure high VMD performance. 
4) Compared with the DCMD configuration, the VMD performance of the same 
membrane exhibits a much higher permeation flux and theoretical thermal efficiency. 
The permeation fluxes of both configurations increase exponentially with an increase 
in feed inlet temperature. In addition, the thermal efficiency of DCMD increases 
almost linearly with feed inlet temperature, while that of VMD shows almost no 
effect. However, the cost of vacuum pumping and condensation needs to be evaluated 
for the overall energy cost. 
5) The MBF membrane exhibits a better VMD flux and thermal efficiency for the mode 
of feed at the lumen side due to a larger effective surface area and a reduced thermal 
loss to the surrounding. The VMD flux and thermal efficiency increase dramatically 
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CHAPTER 7: A conceptual Demonstration of Freeze 
Desalination – Membrane Distillation Hybrid Process Utilizing 




7.1 Introduction  
Over the past decades, the rapid growth of global population and accelerated 
industrialization has caused severe fresh water scarcity and environment damage [1]. To 
mitigate the drink water stress, various desalination and wastewater reclamation 
technologies have been developed based on different mechanisms [2]. Currently, the most 
popular desalination processes include reverse osmosis (RO), multi-effect distillation 
(MED) and so on. They are widely applied because of the stable and superior performance 
of these established techniques [3]. However, these desalination technologies all suffer 
from extremely large amounts of energy consumption as well as specialized and expensive 
infrastructure. Hence extensive studies have been carried in an exploration of economical 
and energy efficient desalination technologies or technologies which can utilize the low-
grade energy, alternative energy or industrial waste energy [1, 3]. For example, other 
authors evaluated using solar energy and industrial waste heat to lower the energy 
requirements of membrane distillation (MD) and RO desalination processes [4, 5]. 
 
‘LNG cold energy’ is one type of waste energy released from the re-gasification of 
liquefied natural gas (LNG). The ‘cold energy’ refers to the heat absorption effect from 
the ambient surrounding when LNG is re-gasified at the LNG terminals [6]. For the reason 
of easy transportation and handling, natural gas (NG) is stored as a liquid form at 
atmospheric pressure and about 110 K (i.e., -162°C) [7]. Hence, the liquid NG must be re-
gasified before being supplied as a gaseous form in LNG terminals with the aid of heat 
drawing from the surroundings, which is generally supplied by sea water now. Owing to 
the relative low temperature, high energy density and huge global LNG market, LNG cold 
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energy is recognized as one high quality energy sources to cool media. This attracts many 
researchers to carry out to works on the energy density and design of efficient heat 
exchange equipment. Unfortunately, most cold energy during LNG re-gasification has not 
been utilized owing to the industrial waste ‘hot’ energy [8]. 
Clean 
Water

































Figure 7.1 Design diagram for the hybrid FD-MD desalination process utilizing LNG 
cold energy. 
 
In this work, we propose and explore a new concept of a MD based hybrid desalination 
technology: freeze desalination-membrane distillation (FD-MD) using LNG waste cold 
energy. Figure 7.1 illustrates the design of the FD-MD hybrid process where seawater is 
firstly treated by a FD process and purified water is produced from the melted ice. 
Subsequently, the discharged brine of FD is sent to the feed tank of MD where extra pure 
water is obtained by condensing the water vapour in the distillate side of the MD 
membrane and at the same time, the residual brine is further concentrated. In addition, a 
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LNG vaporizer is employed to cool down the coolant temperature needed by the FD 
crystallizer and the MD distillate side cooler. 
 
FD refers to the process in which fresh water is extracted by harvesting and melting the 
ice crystals from the chilled feed (seawater or brackish water) [9]. In this process, the 
saline water is cooled and frozen at controlled conditions. Almost all the salt is rejected by 
the ice crystals generated and as a result, fresh water can be obtained from the melted ice. 
Theoretically, only 1/7 of energy is needed by freezing the saline solution than boiling, 
however, the poor energy efficiency of freezing at low temperature and reduced water 
recovery have severely limited the application of FD technology [10]. 
 
MD is recognized as one of the most preferred membrane processes for hybrid 
desalination technologies [11]. On one hand, with a minimum capital cost, MD can be 
readily integrated into the existing desalination plant since it is not a pressure-driven 
process [12]. On the other hand, as compared with other membrane technologies which 
are severely affected by high salt concentration (RO, ED, and etc.), the desalination 
performance of MD process is less affected and as a result, it can significantly reduce the 
overall brine discharge and enhance the TWR [13]. Table 7.1 summarizes the selected 
representatives of MD-related hybrid systems reported in literature.  
 
Table 7.1 Summary of hybrid desalination processes comprising a MD process. 
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Reference Hybrid process Description 





A DCMD process is utilized to concentrate the FO draw solution and
produce high quality water. Neither TWR nor energy consumption is
reported in this work.





Vacuum Membrane Distillation (VMD) is utilized as a complementary
process to RO to further concentrate RO brines and increase the TWR of the
process. The experiments demonstrates the operability of VMD
concentration of RO brine. Subsequent simulation results show the TWR
can be improved from 40% to 89% by coupling RO and VMD. No
information about energy consumption is reported.
Ji et al., 2010 Reverse osmosis -
Membrane distillation 
crystallization (RO-MDC)
The concentrated brine from RO is utilized as the feed for a DCMD process
and concentrated into super-saturated state; followed by crystallization and
filtration of NaCl by a crystallizer. MDC Experiments using RO
concentrates resulted in the production of 21 kg/m3 of NaCl crystals; the







The MD-MBR process integrates a wastewater bioreactor with MD. The
MDBR uses thermophilic bacteria at about 50°C to treat wastewater.
Stable fluxes in the range 2–5 L/m2 h have been sustained over extended
periods.




The Nano-filtration pretreated seawater is concentrated into super-saturated
state by a MD process, followed by crystallization and filtration of salt
crystals by a crystallizer and filtration equipment. A TWR of 71.6% and
specific energy consumption of 19.1 kWh/m3 is obtained via simulation.





The hot discharged brine of a one-stage multi-effect distiller working at
atmospheric pressure is utilized as the feed of a direct contact membrane
distillation (DCMD) process (poly-propylene tubular module). The product
water has a electrical conductivity of 12 µs/cm. The production of pure
water is increased by 7.5%, and energy consumption is reduce by about 10%.
Table 1 Summary of hybrid desalination processes comprising a MD process.
 
Considering the characteristics and mechanisms of FD and MD processes, both systems 
require large quantity of high quality cold energy. For FD process, cold energy is needed 
to cool and crystallize the pre-cooled saline feed solution; while in MD process, cold 
energy is required to continuously cool and maintain the low temperature of distillate 
stream. Therefore, the large amount of cold energy from re-gasification of LNG can be 
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effectively used in the design of FD-MD processes to minimize the overall energy 
consumption. 
 
Besides utilization of waste LNG cold energy, several additional benefits are foreseen by 
integrating these two processes. Firstly, the overall recovery of seawater feed will be much 
higher as compared with a single FD process. Limited by the eutectic temperature of the 
salt/water mixture (-21.1 °C), the FD process has a theoretical maximum of water 
recovery (~16%) for 3.5 wt% seawater [14]. By treating the discharged brine from FD 
with MD process, the TWR is expected to be significantly higher than other integrated 
systems and commercially available technologies (e.g. RO and MED).  Secondly, energy 
consumption can be further reduced by appropriate design and integration of cold and hot 
streams in the hybrid process. As one example shown in Figure 7.1, the purified water 
stream from FD (around 0 ºC) can be used to cool the inlet of the MD distillate [15].    
 
Therefore, in this work, we aim to study the feasibility of the FD-MD hybrid desalination 
process comprising indirect contact freeze desalination (ICFD) and direct contact 
membrane distillation (DCMD) configurations. Prior to the hybrid process experiments, 
the effects of their key operation parameters on water recovery, produced water salinity, 
and overall energy efficiency will also be investigated. Thereafter, the variation of brine 
concentration, product water quality and TWR will be evaluated in order to optimize the 
integrated system. Eventually, the feasibility of LNG cold energy utilization in the hybrid 







































Figure 7.2 Illustration of the freeze desalination (FD) mechanism. The arrows (blue 
online) show the temperature and composition changes during the FD operation. The 
right corner shows a freezing simulation of the 0.3 M salt solution. Na- and Cl- are 
given as light (green online) and dark (brown online) spheres, respectively. 
Reprinted with permission [14].  
 
The FD separation process is closely related to the phase transition behaviour of a salt-
water mixture. In order to understand the FD process, the sodium chloride (NaCl)-water 
binary solution is used to illustrate the working mechanism. As shown by the arrows in 
Fig. 3, for a binary solution containing 3.5 wt% NaCl, water starts to transit from the 
liquid phase to a solid crystal form when the temperature is decreased and lower than the 
freezing point. During this transition, since the salts and other impurities are rejected by 





In general, the FD process consists of four steps: (a) pre-cool the feed brine, (b) crystallize 
the ice crystals, (c) separate ice crystals from the brine solution and (d) wash and melt ice 
crystals to obtain high purity water [17]. In literature, many studies on the FD process 
have been focused on the direct contact freeze desalination (DCFD) process due to its 
operation efficiency and cost-saving. The so-called ‘direct contact’ refers to the intimate 
mixing between the feed and the refrigerant (e.g., iso-butane) [18]. However, this 
application is constrained by the safety concerns during the handling of the explosive 
refrigerant. In recent years, safer FD configurations such as indirect contact freeze 
desalination (ICFD) and vacuum freeze desalination (FD) have been developed. In this 
study, an ICFD process is employed by installing a heat exchange device externally to the 
crystallizer unit to cool and maintain the temperature.  
 
7.3 Experimental  
7.3.1 Hollow fiber fabrication and module preparation 
The high performance PVDF hollow fiber membranes were fabricated via a dry-jet wet 
phase inversion spinning process by a 2-annulus spinneret. Table 7.2(a) tabulates the 
detailed spinning conditions. The spinning process is systematically described elsewhere 
[19, 20]. HSV#900 PVDF polymer was chosen as the working polymer due to its high 
hydrophobicity, excellent chemical resistance and suitable viscosity in common solvents 




Table 7. 2 (a) The spinning condition and (b) characteristic properties of PVDF 
hollow fibers. 
Membrane ID HF
Dope composition (wt%) PVDF (HSV900)/PTFE/NMP/EG:
14.50/3.30/67.70/14.5
Dope flowrate (ml/min) 3.5
Bore composition (wt%) NMP/water:70/30
Bore flowrate (ml/min) 2
External coagulant composition (wt%) IPA/water:60/40
Air gap (cm) 4
Post treatment Solvent exchange with water & then freeze dry
Membrane ID Hollow Fiber
OD/ID (µm/µm) 1027/637
Wall thickness (µm) 196± 12
Contact angle (o) 109± 3
Porosity (%) 73.1±6.7
Average pore size (µm) 0.245
Strain at break (%) 163±24.0
Tensile stress at break (MPa) 1.87±0.08
Young’s modulus (MPa) 80.8±10.2
(a)
(b)
Table 2 (a) The spinning condition and (b) characteristic properties of PVDF hollow fibers. 
 
The testing modules used for desalination experiments were fabricated by assembling the 
predetermined number of fibers into a plastic tube of 1.7-cm inner diameter. Both ends of 
the modules were sealed by epoxy.  
 
7.3.2 FD-MD set-up and experiments 
7.3.2.1 FD-MD experiments 
The entire hybrid FD-MD process flows are shown in Figure 7.1. Seawater was firstly 
treated by the ICFD process. Purified water was obtained from the melted ice. 
Subsequently, the discharged brine of ICFD was sent to the feed tank of DCMD 
equipment. The DCMD process extracted pure water by condensing the water vapour in 
the distillate side of the membrane and at the same time, the residual brine was further 
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concentrated. Owing to the safety reasons, an environmental friendly Freon
®
 gas (R23, 
Dupont), which possesses the closest behaviour in vaporization process as NG, is used in 
this experiment. The vaporization of Freon
®
 could lower the temperature of coolant (EG), 
which can mimic the LNG re-gasification process in a LNG vaporizer. A customized gas 
compressor and condenser unit (Yohokomo, Singapore) is used to compress Freon
®
 gas 
into a liquid form and recycled the liquid. 
 
7.3.2.2 ICFD set-up and experiments 
 
Figure 7.3 The schematic design and images of the indirect contact freeze 
desalination (ICFD) unit.  
 
Figure 7.3 shows the schematic diagram and image of a laboratory-scale ICFD unit. A 
customized stainless steel cylinder wrapped by a coolant unit was the main component for 
crystallization. EG was employed as the coolant. In the main unit, a mechanical stirrer 
with a 5-bladed impeller (MG-1, Li Yuan) was employed to ensure the homogeneous 
mixing. The PID thermo-set controller (Dixell, XR40CX) was installed to adjust and 
maintain the temperature of the EG bath at the set-point via the Freon® flow rate in the 
EG/Freon
®
 heat exchanger. The temperatures of the testing solution and the EG-
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containing coolant unit were also monitored on site by digital thermo couples with an 
accuracy of 0.1 °C.  
 
In the experiment, the EG bath was allowed to reach and stabilize at the set temperature 
first. Then, the brine was fed into the FD unit and the solution was cooled. Until a certain 
temperature, ice crystals commenced to nucleate and grow. Once the FD experiment was 
completed, the ice/brine mixture was taken out immediately and the ice crystals were 
separated by a 1000 ml polyethersulfone filter unit (Supor
®
 MachV, membrane diameter: 
90 mm, average pore size: 0.45 um) driven by a piston vacuum pump (Micro-air, MAJP-
40V). The ice crystals generated were then rinsed with small amount of freezing DI water, 
followed by natural melting. The salinity of fresh water and brine residue were measured 
by a conductivity meter (Lab960, SCHOOT instrument). 
 
Two modes of FD, namely, ‘normal mode’ and ‘nucleation mode’, have been attempted. 
During the ‘normal mode’, only model brine was added into the cylinder. Whilst during 
the ‘nucleation mode’, 20 g of ice crystals (~ 1mm size) grinded by a bench-top mill 
(Cole-Parmer, Singapore) was added into the model brine when its temperature reached 
the freezing point (e.g., -2.1 ºC for a 3.5wt% NaCl solution).  
 
7.3.2.3 DCMD set-up and experiments 
A 4.19 wt% NaCl solution discharged from the optimal FD operation condition and DI 
water were employed as the feed and distillate (permeate) side solutions for DCMD 
process, respectively. The inlet temperatures of the feed and permeate solutions were 
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maintained at the preset values by a temperature circulator (F12, Julabo) and distillate 
chillier.  
 
7.3.3 Microscopic characterization of ice crystals  
The micro-morphology of ice crystals in FD experiments was observed using an optical 
microscopy (Olympus, SZX16) with a digital camera (Olympus, CMAD3). Because the 
ice crystals start melting within seconds after it was left at room temperature, a cooling 
plate with accurate temperature control (0.1 ºC) was integrated into the microscope 
platform to maintain the temperature and morphology of crystal samples during the 
observation. 
 
7.4 Results and discussion 
7.4.1 ICFD experiments 
In order to operate the hybrid FD-MD system efficiently, the parameters involved in FD 
and MD processes have to be investigated separately in the first instance. In this section, 
the variables incurred in the FD operation including nucleate seeds, operation duration and 
feed brine salinity. We aim to optimize their effects to produce ice crystals with a higher 
purity and yield.  
 
7.4.1.1 Effect of nucleate seeds addition 
Two modes of FD operation, ‘normal mode’ and ‘nucleation mode’, have been examined 




Figure 7.4 The temperature evolution of the EG bath and brine feed solution. (a): set 
temperature: -10 ℃, 3.5 %wt NaCl, normal mode. (b): setting temperature: -10 ℃, 
3.5 %wt NaCl, nucleation mode. 
 
Figure 7.4a) shows the evolution of temperature in the crystallizer cylinder under the 
‘normal mode’ using a 35 g/L NaCl solution as the feed. The solution temperature 
decreases and finally reaches -6.7 °C because the super-saturated solution has reached the 
metastable limit [23]. Starting from this point, it is observed that large quantity of ice 
crystals form within seconds and simultaneously the solution temperature increases from -
6.7 °C to -2.1 °C. 
 
Since the nucleation rate and the growth rate of crystals in a super-cooled solution follow 
an exponential function of the degree of super-cooling [24], it is believed that the sudden 
formation of ice crystals is driven by the big temperature difference between the low 
temperature (-6.7 °C) and the equilibrium temperature (-2.1 °C). The increase in solution 
temperature from -6.7 °C to -2.1 °C can be simply attributed to the fusion heat released 
from icing up. This finding is in good agreement with a recent study by Qin et al., where a 
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steep increase of solution temperature was found when spontaneous nucleation took place 
in a super-cooled solution [14].  
 
Surprisingly, by incorporating 20 g nucleate seeds, as depicted in Figure 7.4b), the 
temperature profile of the brine varies notably. When the nucleate seeds are added at the 
freezing point (-2.1 °C), the ice crystals form continuously and the quantity of crystals 
increases gradually with the operation duration. It is also seen that the solution 
temperature decreases slowly together with the crystal growth, which indicates a low-
degree of super-saturation.  
 
The different ice formation behaviours observed with/without nucleate seeding could be 
understood from the aspect of crystallization kinetics as demonstrated in Figure 7.5 [25]. 
In an ice-water mixture, the critical size for the crystals to form is defined as the minimum 
embryo size which allows the embryo to grow spontaneously. The value of crystal size 
depends on the free energy barrier generated from the combined counter effect of volume 
free energy (
V
G ) and surface free energy (
S
G ). When the feed solution reaches its freezing 
point, a trace amount of small ice crystalline lattices is generated. However, since the 
lattice size of these crystals is smaller than the critical size, the total Gibbs free energy of 
the system (
T
G ) tends to increase with lattice size preferentially. As a result, these 
crystalline lattices continuously re-dissolve into the solution. Therefore, if a small amount 
of ice crystals larger than the critical size are added into the solution at its super-saturation 
state, the added ice crystals will be shed as the secondary nuclei, while the embryo ice 


























Figure 7.5  Schematic drawing of free energy and lattice radius.  
 
The ice purities, ice yields and the salinities of discharged brine from both modes are 
compared in Table 7.3a). Salt can be effectively concentrated in the brine solutions by 
both FD operation modes. With the same operation duration of 0.5 h, the quality of the ice 
generated from ‘nucleation mode’ is much better than that obtained from ‘normal mode’. 
With nucleation, the purity of the ice is tremendously improved to 0.144 g/L. It is worth 
noting that this purity has met the World Health Organization (WHO) standard for 
drinkable water salinity (0.500 g/L). 
 
The improvement in ice quality can be credited to the distinguished temperature profiles 
and crystal formation and growth processes. In the ‘normal mode’, significant variations 
in super-saturation occur and in consequence, the produced ice contains large interlocking 
crystals, agglomerates and fines [23]. 
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Table 7. 3 (a) A summary of FD results with different time durations and operation 
modes. (b) A summary of FD operation with different feed concentrations 
(nucleation mode, 0.5 hr). 
NaCl in feed (g/L) 35 35 35 35 35 Drinkable water 
restriction*
Operation mode Normal Nucleation Nucleation Nucleation Nucleation -
Time (hr) 0.5 0.5 1 2 2.5 -
Freezing point (◦C) -2.1 -2.1 -2.1 -2.1 -2.1 -
Ice yield (wt%) 12.7 11.7 14.4 19.0 31.0 -
Ice salinity (g/L) 1.302 0.104 0.118 0.146 3.205 0.5
Brine salinity (wt%) 3.68 3.74 3.91 4.37 5.08 -
*: The World Health Organization(WHO) salinity restriction for drinkable water 
NaCl in feed (g/L) 15 35 45 60 Drinkable water 
restriction*
Freezing point (◦C) -0.8 -2.1 -2.7 -3.7 -
Ice yield (wt%) 9.9 11.7 8.82 12.46 -
Ice salinity (g/L) 0.06 0.104 0.263 0.941 0.500





As a result, large amount of salts are trapped within the interlocked crystal structures. 
Whilst in ‘nucleation mode’, the formation and growth of ice crystals are induced by the 
added nucleate seeds and the low degree of super-saturation does not cause significant 
interlocking between crystals. Therefore, majority of the salts are rejected when the 
regular-packed ice crystals are formed and the salt residue on crystal surface can be 
readily washed off. 
  
7.4.1.2 Effect of FD operation duration  
Under the nucleation mode, the effect of FD operation duration is also examined and the 
performance is listed in Table 7.3(a).  As shown, the ice salinity increases with longer 
operation. When FD is operated longer, the brine solution is concentrated and thus, the 
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free energy gap between the ice phase and the solution phase decreases [14]. Hence, more 
salt residue is trapped in the ice crystals, which results in an increased salinity. It is also 
found that there is a critical operation duration at which the ice salinity increases sharply. 
In the first 2 h, the ice crystals appear as clusters suspending in the crystallizer unit. With 
a longer duration (~ 2.5 h), besides the suspended clusters, an unexpected thick ice layer is 
also observed on the inner wall of the unit. Though the ice layer is also processed by 
washing step, a significant amount of salts is still retained and eventually results in the 
high salinity.  
 
The morphologies of ice crystals obtained from durations of 0.5h, 1 h and 2 h are depicted 
in Figure 7.6. Generally, all ice clusters are of a thin plate shape. The sizes of ice particles 
are in the range of 0.5-1.5 mm in dimension and there is no visible difference for the size 
of the ice obtained with different operation durations. This phenomenon might be 
explained by the kinetic theory of crystallization process. Due to the stirrer agitation and 
crystal collision, there is a kinetic equilibrium between crystal nucleation growth and 
break up. As a result, the crystal size is limited [26, 27]. 
 
7.4.1.3 Effect of feed salinity  
In the nucleation mode, the effect of feed salinity on FD performance is also investigated 
and the results are listed in Table 3b).  Four feed concentrations including 15 g/L, 35 g/L, 
45 g/L and 60 g/L were selected and compared. In general, the FD process is effective for 
the purification of brines of different salinities and the resultant clean water salinity 
increases with the feed salinity. Except for the 60 g/L feed, the salinities of obtained water 












Figure 7.6 The morphologies of ice crystals obtained from the FD operation (feed: 
3.5 %wt NaCl, nucleation mode). 
 
7.4.2 DCMD Experiments 
This section focuses on the optimization of the MD operation parameters. The FD 
discharged brine with a high salt concentration is utilized as the feed to the MD process.  
 
7.4.2.1 Membrane properties 
High performance single-layer hollow fiber membranes are fabricated as MD modules. 
Figure 7.7 displays the cross-section morphology of the prepared module. It can be 
observed that the fiber has a wall thickness around 190 µm. Micro pores with inter-
connected pore structure are obtained, which is owing to the addition of  the pore-forming 
additive (EG) [28]. In addition, by employing weak internal and external coagulants, few 
macrovoids are formed across the membrane cross-section [29]. These micro-structure 
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characteristics play an important role in enhancing MD flux while maintaining 






Figure 7.7 The micro-structure (a-b) and preparation of the DCMD module (c-d). 
 
Other membrane properties are summarized in Table 2. The membrane has an average 
pore size of 0.245 µm, which indicates that the diffusion of water vapour through the 
membrane pores combines the mechanisms of molecular diffusion and Knudsen diffusion 
[31]. Credited to the incorporation of super-hydrophobic PTFE particles, the membranes 
exhibit a high contact angle of 108 °, which could improve the membranes’ wetting 
resistance and long-term operation durability.   
 
7.4.2.2 Effect of module length 
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Figure 7.8 shows the variations of permeation flux and energy efficiency (EE) with feed 
inlet temperature and module length, respectively. Three module lengths are tested; they 
are 15 cm, 25 and 35cm. All modules have the same packing density of ~ 20%. 
 
 
Figure 7.8 The variation of DCMD permeation flux and EE with different hollow 
fiber module lengths. 
 
As shown in Figure 7.8a), the permeation fluxes increase with the feed temperature 
slightly nonlinearly for these three modules. The nonlinearity relationship observed is 
attributed to the exponential increase of water vapour pressure upon the increase of 
temperature. While at a certain inlet temperature, the increase of module length appears 
decreasing the permeation flux. This decreasing phenomenon becomes more pronounced 
at higher feed temperatures. As shown in Fig 7.8b), at 50 °C, with an increase in module 
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 when the feed temperature is 80 °C. The phenomena is owing to the fact that 
the higher feed temperature could result in the higher conductive heat flux and therefore, 
accelerate the loss of driving force along the long module [32].  
 
EE is defined as the percentage of the effective heat flux (vaporization heat 
l
Q ) to the 
total heat flux [33]. A higher EE value is an indication of lower energy consumption for 
one unit of clean water produced. Hence, it is highly desired to design the membrane 
module with a higher EE value.   
 
Figure 7.8c) demonstrates the variation of the EE value versus feed temperature. 
Generally, EE increases with feed temperature. Since the total heat flux is the sum of 
vaporization heat flux (
l
Q ) and conductive heat flux (
C
Q ), the variation of EE depends on 
the relative changing rates of these two heat fluxes. As the feed temperature increases, the 





Q  follows the linear augmentation [34]. As a result, an increase in feed 
temperature eventually results in an increase in EE value. Figure 7.8d) shows the plot of 
EE value versus module length. EE increases slightly with increasing module length. This 
is because when the module length increases, the outlet temperature of the distillate side 
increases significantly due to the heat dissipation across the membranes. A higher 
distillate outlet temperature reduces the temperature gradient between the feed and the 
distillate sides. Therefore, 
C




7.4.2.3 Effect of packing density 
 
Figure 7.9 The variation of DCMD permeation flux and EE with different hollow 
fiber module packing density. 
 
The permeation flux and energy efficiency (EE) of modules with different packing 
densities of 10%, 20% and 30% are displayed in Figure 7.9. Figure 7.9a) and c) show the 
variations of permeation flux and EE with the feed inlet temperatures. Similar with the 
observations for the modules with different lengths, these two parameters increase with 
the feed inlet temperature. Figure 7.9b) and d) demonstrate the changes of permeation flux 
and EE with packing density, it can be seen that a higher packing density could result in a 





It is well known that the permeation flux and EE are closely related to the heat transport 
process in both membrane and boundary layers. Referring to the heat transfer theory for 
the DMCD process (equations 2-6), the variation of packing density can affect the 
velocities of the solutions at both feed and distillate sides. A higher packing density results 
in a higher heat transfer coefficient (
f
h ) in the feed side while a smaller value in the 
distillate side (
p
h ) [21, 35, 36]. In order to investigate the relative contribution of these 
effects on permeation flux and EE, three parameters including heat transfer coefficients at 




h ) and the fraction of temperature difference (FTD) are 
calculated and compared in Figure 7.10. 
 










). It is a qualitative indication for the loss of driving force from the 





h for different feed temperatures and packing densities are calculated 
using semi-empirical correlations.  
 
Shown by Figure 7.10, the variation of heat transfer coefficient at the permeate side (
p
h ) 
is minor (<5%) with an increase in packing density, while the heat transfer coefficient at 
the feed side (
f
h ) increases slightly but FTD decreases a lot. Therefore, the variations of 
permeate flux and EE are mainly resulted from the coupling effects of the increased 
f
h  
and the decreased FTD. Combined with the trend from Figure 7.9, the accelerated loss of 
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driving force (e.g. smaller FTP) should act as the more dominant factor. The figure shows 
that driving force decreases faster for the module with a higher packing density. 
 
Figure 7.10 The variation of hp, hf and FTD with different hollow fiber module 
packing density. 
 
With more membrane area, modules with higher packing density have higher distillate 
rates (kg/s) that result in higher heat transfer rates across the membrane. A higher heat 
transfer rate would lower the outlet temperature at the feed side while increase the outlet 
temperature at the distillate side. As a consequence, the driving force across the membrane 




7.4.3 FD-MD hybrid experiments 
 
Figure 7.11 The variation of permeation flux and brine concentration in the FD-MD 
hybrid experiment. 
 
With the optimized conditions from FD and MD experiments, the desalination 
performance of the hybrid process was examined. The FD process with nucleation and 2 h 
operation duration is chosen for the hybrid experiment due to its high yield and acceptable 
water purity. The hollow fiber module with a module length of 35 cm and packing density 
of 30% is selected as the DCMD module owing to its high thermal efficiency and 
production rate. The inlet temperatures of the feed and permeate solutions are maintained 
at 60.0 °C and 15.5 °C, respectively. The flowrates of feed and permeate solutions are 
kept at 2.0 L/min and 0.3 L/min, respectively. 
 
Figure 7.11 shows the variation of permeation flux and salt concentration of the brine with 
time. It can be seen that with a longer operation duration, the concentration of NaCl in the 
brine increases at an accelerated speed. Simultaneously, the permeation flux decreases by 
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~ 20%. This loss of permeation flux at a high salt concentration is mainly caused by the 
concentration polarization (CP) effect at the feed brine [37, 38]. It should be noted that for 
the desalination application of the DCMD process, the permeation flux is also affected by 













                                                                                                        (10) 
where 
brine
  is the density of brine solution, 
NaCl
k  is the mass transfer coefficient of NaCl 








 are the NaCl concentrations near 
membrane surface and in the bulk solution of the brine side, respectively . 
 
Due to this effect, the salt concentration at the membrane surface is higher than that in the 
feed bulk. This would result in a lower water activity and consequently, sacrifice the 
vapour pressure at membrane surface. The increasing salt concentration in the 
concentrated brine could cause more severe CP. Consequently, the water activity 
coefficient and the effective water vapour pressure are reduced, which finally gives rise to 
the reduced water vapour flux. However, it is also observed that the loss of flux is much 
smaller as compared with that in an RO concentration experiments [30]. This is because 
the variation of water vapour in the MD process is much less than the variation of osmotic 
pressure in the RO process, when the same concentration change is applied.   
 
Figure 7.12 summarizes the overall flow of the hybrid FD-MD process. With 8 kg feed of 
synthetic seawater (3.5 wt% NaCl solution), 1.46 kg (18.3%) fresh water with 0.144 g/L 
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salinity is produced from the FD unit, while another 4.26 kg (53.3%) with 0.062 g/L 
salinity is produced from the DCMD unit. With the contribution from both units, the 
hybrid process exhibits a high TWR of 71.6%, which is much higher than the value of the 












Total water recovery of FD-MD: 71.5%  
MDFD
 
Figure 7.12 The material flows of FD-MD hybrid process. 
 
 
During the entire experiment of hybrid process, the temperatures of Freon
® 
at the outlet of 
condenser and inlet of compressor are very stable. The cold energy provided is enough to 
support and maintain the coolers. From the performance of this hybrid experiment, it is 
confirmed that the cold energy released from Freon
®
 R23 gasification can be effectively 
used to cool the coolant streams from the FD crystallizer and MD distillate cooler. 
Considering the relative close re-gasification behaviour of Freon
®
 R23 and NG [39, 40], 
the application of LNG cold energy in the FD-MD hybrid process is very promising and 
with high feasibility. However, in order to further evaluate the application, more 





In this work, a hybrid freeze desalination-membrane distillation (FD-MD) process for 
desalination is designed and systematically explored which utilizes waste cold energy. The 
following conclusions can be drawn: 
1) The concept of hybrid FD-MD process has been demonstrated by integrating indirect-
contact freeze desalination (ICFD) and direct contact membrane distillation (DCMD) 
units. The DCMD process is employed to treat the brine discharged from the FD unit. 
Drinkable clean water has been successfully produced by the hybrid process with a 
total water recovery of 71.6%.  
2) In ICFD experiments, the addition of ice nucleate is found to be a useful method to 
alter the crystallization kinetics in the ICFD experiments. It greatly improves the purity 
of product water. It is also found that the ice salinity tends to be higher with a longer 
operation time. In addition, it has been demonstrated that the FD unit is capable of 
desalting saline water containing different salt concentrations. 
3) In DCMD experiments, ultra-pure water is produced using the high performance 
hollow fiber membranes. It is found that the permeation flux is lower while the energy 
efficiency (EE) is higher when a longer membrane module or a higher packing density 
is applied.    
4) Hybrid FD-MD experiments have been performed at the selected FD and MD operation 
parameters using FD discharged brine as the feed for MD. There is an accelerated 
increase of salt concentration in the retentate of MD, thus permeation flux of water 
shows a continuous decrease.  
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5) The gasification of Freon® is able to maintain the temperature of coolant streams for 
the hybrid FD-MD process, which indicates the high potential in the utilization of LNG 
cold energy and reduction in total energy consumption. 
6) In order to fully harvest the benefits of the FD-MD hybrid process, further studies will 
be focused on three aspects in our subsequent experiments, namely, 1) test running of 
pilot-scale FD-MD combined with a LNG vaporizer, 2) optimization and evaluation of 
energy exchange system and 3) investigation of trace amount of multiple salts on the 
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CHAPTER 8: Investigation On Forward Osmosis-Membrane 





Water-soluble acid dyes are extensively used as coloring agents in manufacturing 
industries of textiles, paper and food stuff. Waste effluents containing these coloring 
agents may cause severe environmental pollution [1] and serious threat to human health 
due to their toxic and carcinogenic properties. Over the past decades, extensive physical 
and chemical or electrochemical technologies have been developed for the reclamation of 
wastewater containing acid dyes [1-5]. Unfortunately, the non-biodegradable 
characteristics of dye-contained wastewater make it difficult to clean the wastewater 
thoroughly [6]. Most of the current technologies are costly and technically complicated to 
be applied. Hence, there is an urgent need for the development of more economic and 
efficient technologies for the dye-contained wastewater treatment.   
 
Compared with the traditional separation and purification technologies, membrane-based 
separation is a relatively new technology, which possesses the merits of high rejection, 
low energy cost, ease of scale-up, and etc. [7-9]. Researches have been carried out on the 
application of membrane technology in wastewater reclamation for both removal and 
recovery of textile effluents [10-12], and proven to be a greatly capable method [13-15].  
 
The forward osmosis (FO) – membrane distillation (MD) integrated system is a newly 
developed membrane-based hybrid technology. It consists of a FO and a MD where the 
FO process draws clean water from the feed solution while the MD process continuously 
re-concentrates the diluted draw solution for the FO process and simultaneously produces 
high-purity water from its distillate side. The integration of FO and MD processes 
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combines the strengths of both processes, including high product water quality, low 
fouling tendency and potential utilization of industrial waste heat. So far only a very 
limited number of works aimed to explore these advantages. Yen et al .were the pioneer in 
utilizing the FO-MD process to recycle draw solutes and produce clean water [16], while 
Wang et al. initiated to study the FO-MD process for protein concentration [15].  
 
However, similar to the individual FO process, the current FO-MD hybrid process is 
highly constrained by high reverse draw solute flux of commonly used draw solutions 
such as NaCl, MgCl2 and NH4HCO3, etc. Recently, a series of novel draw solutes based 
on polyelectrolytes of PAA-Na salts have been developed by Ge et al. [16]. Their 
characteristics of high solubility in water and flexibility in structural configuration enable 
them to generate high water fluxes yet with insignificant reverse salt fluxes when being 
used as draw solutes in the FO process. Such properties not only ensure the high 
efficiency in water reclamation and the quality of product water, but also lower the 
replenishment cost of the draw solutes. Meanwhile, the high stability of PAA-Na makes 
their performance repeatable after many recycles.  
 
In view of these advantaged characteristics, the polyelectrolyte of PAA-Na with an 
average molecular weight of 1200 (represented by PAA-Na (1200) infra) is selected as the 
draw solute in this FO-MD study, while the dye of acid orange 8-contained water is 
employed as the model feed of wastewater. A sustainable dehydration process is achieved 
in the FO process when the PAA-Na (1200) solution draws clean water from the dye-
contained water while is re-concentrated simultaneously by the MD process. In addition to 
producing high purity water from the distillate of MD, the re-concentrated dye from the 
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retentate of FO is also a valuable product. It is envisioned that the polyelectrolyte-
promoted FO-MD technology is promising not only in dye-contained wastewater 
treatment, but also in other separations, such as protein and pharmaceutical enrichment. 
 
8.2.  Experimental 
8.2.1. Materials 
PAA-Na (45 wt%, Mw ~ 1200) and acid orange 8 were acquired from Sigma-Aldrich and 
used as received. Polyvinylidene fluoride (PVDF) HSV#900 was purchased from Arkema 
Inc. N-methyl-1-pyrrolidone (NMP, >99.5%), ethylene glycol (EG, >99.5%) and 
isopropanol (IPA,>99.5%) used in the PVDF hollow fiber fabrication were purchased 
from Merck, Germany. Hydrophobic POSS
®
 particles (FL0583) were supplied by Hybrid 
Plastics (Hattiesburge, USA). DI water from a Milli-Q (Millipore, USA) system was used 
in all experiments.  
 
8.2.2. Purification and characterization of PAA-Na (1200) 
The purification of PAA-Na (1200) was followed the procedures reported previously [16]. 
Briefly, the commercially available PAA-Na (1200) solution with pH ~ 9.2 at 45 wt% was 
purified through a dialysis process till the pH of the solution was neutral. Then the final 
product of PAA-Na (1200) was dried under vacuum before performance measurements. 
 
The relative viscosity of PAA-Na (1200) at different temperatures and concentrations, ηr, 










r                                                                                                                  (8.1) 
where t (s) is the elution time of the aqueous polyelectrolyte solution measured by an AVS 
360 inherent viscosity meter, ρ (g·mL-1) is the density of the aqueous polyelectrolyte 
solution measured by a DMA 35 potable density meter, and t0 (s) and ρ0 (g·mL
-1
) are the 
elution time and density of DI water, respectively.  
 
8.2.3. Acid orange 8 analyses 
Since acid orange 8 contains an azo and naphthalene groups, its aqueous solution exhibits 
the maximum absorption at 490 nm [18]. Therefore, the concentrations of acid orange 8 
solutions can be obtained through the conversion of their absorbance measured by an 
ultraviolet (UV) visible spectrophotometer (Biochrom Libra S32) at the wavelength of 
490 nm. 
 
8.2.4. FO-MD processes 
FO-MD experiments were carried out through a lab-scale FO-MD hybrid set-up as 
depicted in Figure 8.1. Individual FO and MD experiments were also conducted through 
this hybrid set-up. In the FO process, cellulose acetate (CA) hollow fiber membranes 
fabricated by our group [19] were used. The feed and draw solutions flowed co-currently 
through the lumen and shell sides at the respective flow rates of 100 and 500 mLmin-1. A 
pressure retarded osmosis (PRO) mode was employed when the feed and draw solutions 
were against the support and selective layers, respectively. The pressures at the two 
channel inlets were below 0.07 bar (1.0 psi). Performance at temperatures of 50 ± 0.5 ºC, 
60 ± 0.5 ºC, 70 ± 0.5 ºC and 80 ± 0.5 ºC was measured. In all FO-involved experiments, 
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the draw solutions were prepared from PAA-Na (1200) with the volume of 300 mL, while 
the feed solutions were 50 ppm of acid orange 8 solutions with the initial volume of 500 
mL. For the MD process, high-performance PVDF composite hollow fiber membranes 
were spun by a dry-jet wet spinning process documented elsewhere [20].  
 
 
Figure 8.1 Schematic diagram of the lab-scale FO-MD hybrid system 
 
The spinning conditions and characteristics were given in Table 8.1. PAA-Na (1200) 
solutions at the same temperatures as the FO process were circulated through the shell-
side of the MD module at the flow rate of 500 mLmin-1, while cold DI water (20 ± 0.5 ºC) 
as the draw solution was co-currently flow through the lumen side of the PVDF hollow 
fiber at the flow rate of 200 mLmin-1. 
 




, abbreviated as LMH), were 
calculated respectively from the volume changes of the acid orange 8 solutions and cold 
DI water using equation 8.2. 
 
Jv = ∆V/(A∆t)                                                                                                           (8.2) 
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where ∆V (L) is the volume change over a predetermined time ∆t (hr) and A is the 




Table 8. 1 Spinning conditions (a) and characteristics (b) of PVDF composite hollow 
fiber membranes used in the MD process. 
Membrane ID HF
Dope composition (wt%) PVDF (HSV900)/POSS/NMP/EG:
13.0/3.0/75.50/8.5
Dope flow rate (ml/min) 5
Bore composition (wt%) NMP/water:70/30
Bore flow rate (ml/min) 3
External coagulant composition (wt%) IPA/water:60/40
Air gap (cm) 5
Take-up speed (m/min) Free fall
Post treatment Solvent exchange with water & then freeze dry
Membrane ID Hollow Fiber
OD/ID (µm/µm) 931/607
Contact angle (o) 114±5
Porosity (%) 78.8±4.6





Due to the dissociation and conductive properties exhibited by PAA-Na (1200) in its 
aqueous solution, the concentration of PAA-Na (1200) draw solutes diffusing to the feed 
solution was obtained by the conversion of its electrical conductivity measured using a 
calibrated conductivity meter (Oakton Instruments, Vernon Hills, IL). The reverse PAA-




, abbreviated as gMH) was obtained by this way. Since the 
acid orange 8 feed solutions used in this study were very dilute (50 ppm), DI water was 
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used as the feed solution instead of acid orange 8 solution when reverse PAA-Na (1200) 
fluxes were measured. 
 
As stated in our previous work [16], using mass concentration is a more practical 
representation of a polymer’s actual amount, hence in this study, mass concentrations of 
PAA-Na (1200) solutions were employed for the analyses of the performance across the 
CA and PVDF hollow fiber membranes.  
 
8.3. Results and discussion 
8.3.1. Effects of temperature and concentration on the relative viscosity of PAA-
Na (1200)  
As a polyelectrolyte’s viscosity has significant influence on its performance when being 
used as a draw solute in the FO process [16], the effects of temperature and concentration 
on the relative viscosity of PAA-Na (1200) are firstly evaluated and shown in Figure 8.2. 
It is found that an increase in PAA-Na (1200) solution concentration results in a 
simultaneous increase in its relative viscosity. Temperature increase, however, leads to a 
significant decline in its relative viscosity, especially when temperature increases from 
room temperature to higher than 50 °C at high solute concentrations. Considering the 
relatively high operation temperature of the FO-MD process, this viscosity lowering 
phenomenon implies that the application of polyelectrolyte in the FO-MD hybrid system 
is more conducive and meaningful than those conventional draw solutes, such as 




Figure 8.2 Effects of temperature and concentration on the relative viscosity of PAA-
Na (1200)  
 
An elevated temperature not only lowers system (including feed and draw solute) 
viscosity, but also increases osmotic pressure for FO systems using conventional draw 
solutes [15]. As a result, water flux is enhanced but reverse draw solute flux is also 
increased. In contrast, FO systems employing a polyelectrolyte as draw solute may 
overcome the aforementioned drawbacks. In addition to receiving the benefits of low 
viscosity, high osmotic pressure and high flux, the reverse draw solute flux may not 
increase much because of expanded structural property of polyelectrolytes as discussed in 
later sections.   
 
To optimize the FO-MD hybrid experimental conditions and make the dehydration of acid 




8.3.2. FO processes using CA hollow fiber membranes 
As the FO-MD hybrid process is performed at temperatures higher than typical FO 
operations, the effects of temperature and experiment duration on FO performance of 
PAA-Na (1200) at concentrations of 0.24, 0.36, 0.48 and 0.60 g·mL
-1
 are investigated. 
The water flux and water transfer rate obtained by multiplying the water flux with 
membrane surface area, together with the concentration evolution of the draw and feed 
solutions, are shown in Figures 8.3(a)-(c) at a representative draw solution concentration 
of 0.48 g·mL
-1
. The water transfer rate is given because it is an important design 
parameter during the integration of FO and MD sub-systems.   
 
In the 2-hour experiments, it is observed that the water flux (LMH) and water transfer rate 
(L·h
-1
) decrease significantly with time at 50 °C (Figure 8.3(a)). This is mainly due to the 
dilution effect of the draw solution, as indicated in Figure 8.3(c). However, the variations 
of water flux and water transfer rate are not linear with time due to the dynamic dilution 
process. Concentration polarization and/or fouling may also contribute to the nonlinear 
decline of water flux and water transfer rate.  
 
Figure 8.3(b) shows the dependence of water flux and water transfer rate on temperature. 
Better performance is observed at a higher temperature. This phenomenon may be 








Figure 8. 3 (a) Effect of time on water flux and water transfer rate at 50 °C, (b) effect 
of temperature on water flux and water transfer rate after 30-min experiments, (c) 
effect of time on PAA-Na (1200) and acid orange 8 concentrations at 50 °C. Initial 
draw solution parameters: 0.48 g·mL
-1
 PAA-Na (1200), 300 mL, flow rate 
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500mL/min. Initial feed solution parameters: 50 ppm acid orange 8, 500 mL, flow 
rate 100mL/min.  Operation mode: PRO in the FO process. 
 
The evolution of the acid orange 8 concentration in the feed solution is also reflected in 
Figure 8.3(c). The dehydration process is more efficient at the early stage when the draw 
solution is relatively more concentrated than the late stage of the experiments. After the 2-
hour experiments, the concentration of acid orange 8 in the feed solution increases to 81.9 
ppm from its initial 50 ppm.   
 
As anticipated, when PAA-Na (1200) solutions at concentrations of 0.24, 0.36 and 0.60 
g·mL
-1
 are used as draw solutions, the variations of FO performance and the concentration 
evolution of draw solution and feed solution follow similar trends. Compared to the 0.48 
g·mL
-1 
PAA-Na (1200) solution, lower water fluxes and water transfer rates are observed 
when 0.24 and 0.36 g·mL
-1
 PAA-Na (1200) solutions are used. While better performance 
is achieved under the same conditions when 0.60 g·mL
-1
 PAA-Na (1200) is employed as 
the draw solution. A comparison of water flux/water transfer rate and the evolution of acid 
orange 8 solution concentration at different temperatures and PAA-Na (1200) 
concentrations after 2-hour experiments are shown in Figures 8.4(a)-4(c). It is found that 
temperature and PAA-Na (1200) concentration have notable impact on water flux/water 
transfer rate and the final acid orange 8 concentration in the feed side (Figure 8.4(c)). A 
higher temperature and/or a higher PAA-Na (1200) solution concentration lead to better 








Figure 8.4 Effects of temperature and PAA-Na (1200) concentration on: (a) water 
flux, (b) water transfer rate, (c) acid orange 8 feed solution concentration. Initial 
draw solution parameters: PAA-Na (1200) with volume of 300 mL, flow rate 
500mL/min. Initial feed solution parameters: 50 ppm acid orange 8, 500 mL, flow 
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rate 100mL/min. Operation mode: PRO in the FO process. Experimental duration: 
30 min. 
 
It is noteworthy that (i) reverse PAA-Na (1200) flux, (ii) ratio of reverse PAA-Na (1200) 
flux (Js) to water flux (Jv), Js/Jv, and (iii) reverse diffusion of acid orange 8 to the draw 
solution are also considered for the purpose of selecting optimum conditions for the FO-
MD hybrid processes. No obvious reverse diffusion of acid orange 8 is found under all 
circumstance. The Js/Jv ratio, which gives the loss of PAA-Na (1200) in recovering one 
liter of clean water, is an important parameter in monitoring the system performance and 
estimating the replenishment amount of draw solutes. 
 
(a) (b)  
Figure 8.5 Effects of temperature and PAA-Na (1200) concentration on: (a) PAA-Na 
(1200) leakage when DI water as feed solution, (b) the ratio of PAA-Na (1200) 
leakage to water flux Js/Jv. Initial draw solution parameters: PAA-Na (1200) with 
volume of 300 mL, flow rate 500 mL/min. Initial feed solution parameters: 50 ppm 
acid orange 8, 500 mL, flow rate 100 mL/min. Operation mode: PRO in the FO 
process. Experimental duration: 2 h. 
 
Figures 8.5(a) and 8.5(b) show the effects of temperature and PAA-Na (1200) 
concentration on Js and Js/Jv. The reverse PAA-Na (1200) flux, Js, increases slightly with 
an increase in temperature and/or PAA-Na (1200) solution concentration. Nevertheless, 
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the reverse flux variation is in the range of 0.09 ~ 0.14 gMH in spite of the temperature 
and PAA-Na (1200) concentration adopted in this study. Such a small variation range 
indicates that the effects of temperature and concentration on PAA-Na (1200) leakage are 
insignificant. To our best knowledge, this leakage rate may be the lowest ever reported. 
This observation demonstrates the superiority of PAA-Na (1200) draw solutes over NaCl 
where much higher reverse salt flux is found and an elevated NaCl concentration leads to 
a significant increase in reverse salt flux [15]. According to Js/Jv values shown in Figure 
8.5(b), the loss of PAA-Na (1200) in recovering each liter of water from the acid orange 8 
solution is lower than 0.01g under all circumstances of this work. This indicates that such 
a negligible loss would not contaminate the feed stream of the acid orange 8 solution and 
the replenishment cost of the PAA-Na (1200) draw solute would be extremely low, which 
reveal additional advantages of using polyelectrolytes as draw solutes. Given the 
insignificant influence of temperature and PAA-Na (1200) concentration on reverse draw 
solute flux and the combined aforementioned analyses, a high temperature and a high 
PAA-Na (1200) solution concentration are preferable to the FO process. These high 
temperature FO characteristics seamlessly match the desired operation conditions for MD.  
 
8.3.3. MD processes using PVDF hollow fiber membranes 
Figure 8.6 display the micro-structure of the spun PVDF composite hollow fiber 
membrane. Due to the use of highly hydrophobic HSV#900 PVDF polymer and 
hydrophobic group functionalized POSS
®
 particles, the membrane shows a large contact 
angle over 110°. The membrane has a suitable average pore size of 0.28 µm with an inter-
connected pore structure. Hence the vapor transfer in the membrane pores is maximized 
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by the combined mechanism of both Knudsen and molecular diffusions [21, 22]. By 
employing weaker coagulants and a pore-forming agent, the membrane has a high porosity 
of 78.8%. This indicates the membrane has improved thermal conductivity and therefore 
less thermal loss and reduced temperature polarization [20]. Hence it is suitable to be used 




Figure 8.6 Micro-structure of PVDF composite hollow fiber membranes: (a) Cross-
section, (b) Enlarged cross-section, (c) Inner surface, (d) Outer surface 
 
The effects of temperature, PAA-Na (1200) concentration and experimental duration on 









Figure 8.7 (a) Effects of temperature and PAA-Na (1200) concentration on water flux, 
(b) effects of temperature and PAA-Na (1200) concentration on water transfer rate, 
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(c) effects of temperature and duration on water transfer rate at 0.48 g·mL
-1 
PAA-Na 
(1200). Operation mode: MD process. 
 
Different from the FO process (Figure 8.4), temperature has a dominant effect on water 
flux and water transfer rate in the MD process since MD is a thermal driven process. The 
driving force for water vapor transport through hydrophobic membrane pores is the 
temperature difference across the membrane. Therefore, as temperature increases, an 
accelerated increment of water flux can be observed as the water vapor pressure follows 
an exponential function of temperature [23]. On the other hand, when PAA-Na (1200) 
concentration is elevated, a slight decline of water flux is noticed. This is possibly 
attributed to the decreased water activity and more severe temperature polarization. As the 
solute concentration increases, the water activity of the feed solution of MD decreases and 
hence more effective vapor pressure is scarified [24]. Besides the reduced water activity, 
the viscous characteristics of the PAA-Na (1200) solution also reduce the heat and mass 
transfer efficiencies at the feed side boundary, which results in more severe temperature 
polarization and reduced water flux. The insignificant variation of water transfer rate with 
time at 0.48 g·mL
-1
 PAA-Na (1200) also shows that temperature other than experimental 
duration plays an important role in the performance of the MD process (Figure 
8.7(c)).Given the unique vapor transfer mechanism of MD, no variation of conductivity 
can be detected at the permeate side of MD under all operation conditions. This means an 
almost complete rejection of PAA-Na (1200) in the MD process.  
 
8.3.4. FO-MD hybrid processes 
As discussed above, a high temperature is preferred for both FO and MD processes, while 
the effect of PAA-Na (1200) concentration is small on the MD process but great on the 
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FO process. Hence, operating the FO-MD hybrid system at high temperatures and high 
PAA-Na (1200) concentrations are favorable. Since a stable water transfer rate is the key 
factor in determining the sustainability of the FO-MD hybrid process [15], similar water 
transfer rates from both FO and MD subsystems are required for not only system 
sustainability but also effective dehydration of acid orange 8 solutions.  
 
As illustrated in Figure 8.3(a), the PAA-Na (1200) draw solution is diluted in the 
individual FO process, thus water flux and water transfer rate also decrease with time. 
Since the regeneration of draw solutions starts immediately when running the FO-MD 
hybrid system, the water transfer rate in the first 30 min of Figure 8.3(a) is more 
meaningful to be chosen as suitable experimental conditions for the FO-MD hybrid 
system. A comparison of Figure 8.4(b) and Figure 8.7(b) shows that the water transfer rate 
of 0.60 g·mL
-1
 PAA-Na (1200) solution in the FO process (Figure 8.4(b)) consistently 
outperforms that in the MD process (Figure 8.7(b)) at temperatures lower than 72 °C even 
in a dynamic dilution state. While the water transfer rates of 0.36 and 0.48 g·mL
-1
 PAA-
Na (1200) solutions in the FO process at the respective temperatures of 58 and 63 °C are 
very close to those of the same concentration solutions in the MD process. Therefore, 
experimental conditions of 0.36 and 0.48 g·mL
-1
 PAA-Na (1200) solutions at the 
respective temperatures of 58 and 63 °C or 0.60 g·mL
-1
 PAA-Na (1200) solution at 72 °C 
seem suitable to balance the water transfer rates between the FO and MD subsystems 
simultaneously. Considering the efficiency of the dehydration process of acid orange 8 
solutions and the alleviation of concentration polarization as well as the economy and 
practicability, the 0.48 g·mL
-1
 PAA-Na (1200) solution at 63 °C is chosen as the initial 
condition for testing the FO-MD hybrid system.  
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(a) (b)  
Figure 8. 8 Figure 8: Effect of time on (a) water transfer rate and (b) acid orange 8 
concentration with the following initial conditions.  
Feed: a 8,500 mL solution containing 50 ppm acid orange with a flow rate of 100 
mL/min at 63 °C.  
FO sub-system: a 300 mL draw solution containing 0.48 g·mL
-1 
PAA-Na (1200) with 
a flow rate of 500 mL/min at 63 °C operated under the PRO mode;  
MD sub-system: a 300 mL diluted draw solution as the feed containing 0.48 g·mL
-1 
PAA-Na (1200) with a flow rate of 500 mL/min at 63 °C; DI water at 20 ± 0.5 °C with 
a flow rate of  200 mL/min as the permeate carrier.  
 
The time-dependent variations of water transfer rates of the individual FO and MD sub-
systems and acid orange 8 concentration are shown in Figures 8.8(a) and 8.8(b). An 
obvious decline in water transfer rate for the FO subsystem can be observed in the initial 
stage. This is within the expectation since the selected conditions of 0.48 g·mL
-1
 PAA-Na 
(1200) at 63 °C is based on a comparison of water transfer rate between Figure 8.4(b) and 
Figure 8.7(b) where FO and MD run independently. The initial 0.48 g·mL
-1
 PAA-Na 
(1200) solution in Figure 8.4(b) is in a dynamic dilution FO process without draw solute 
regeneration, hence the water transfer rate in the FO-MD system should be larger than that 
shown in Figure 8.4(b) when the MD process is incorporated to recover the diluted PAA-
Na (1200) solution (Figure 8.8(a)). The concentration evolution of acid orange 8 shown in 
Figure 8.8(b) demonstrates that the FO-MD hybrid process is more efficient than the 
individual FO process (Figure 8.4(c)) in concentrating the acid orange 8 dye. Since the 
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water transfer rate of the MD process is slightly lower than that of the FO process within 
the 2-hour experiments, a higher temperature may match the water transfer rates because 
the effect of temperature on the MD process is larger than that on the FO process. In view 
of this, conditions of 0.48 g·mL
-1
 PAA-Na (1200) solution at 66 °C instead of 63 °C are 
employed  to dehydrate the acid orange 8 solutions through the FO-MD hybrid processes.  
 
The dependence of water transfer rate, the concentration evolution of acid orange 8 and 
PAA-Na (1200) solutions on time is depicted in Figure 8.9. A steady state of dehydration 
of the acid orange 8 solution is established through the FO-MD hybrid processes after the 
first 30 min (Figure 8.9(a)). Meanwhile, the concentration of PAA-Na (1200) solution is 
maintained around 0.48 g·mL
-1
 during the entire course of experiments (Figure 8.9(c)), 
indicative of matchable water transfer rates between the FO and MD subsystems. Similar 
to the individual MD process, no obvious PAA-Na (1200) leakage to the cold DI water 
side is observed in the FO-MD hybrid process. The continuous concentrated process of the 
acid orange 8 solution shown in Figure 8.9(b) demonstrates the practicability of the FO-
MD hybrid processes in wastewater treatment. A comparison of Figure 8.4(c), Figure 
8.8(b) and Figure 8.9(b) reveals that the FO-MD hybrid process is superior to the 
individual FO process in the dehydration of acid orange 8 solutions, and the most efficient 
treatment is achieved when the water transfer rate of the FO subsystem matches that of the 








Figure 8. 9 Effect of time on (a) water transfer rate, (b) acid orange 8 concentration, 
(c) PAA-Na (1200) concentration. On the FO side: draw solution: 0.48 g·mL
-1 
PAA-
Na (1200) with volume of 300 mL, flow rate 500 mL/min, 66 °C; feed solution: 50 
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ppm acid orange 8, 500 mL, flow rate 100 mL/min, 66 °C. Operation mode: PRO. On 
the MD side: feed solution: 0.48 g·mL
-1 
PAA-Na (1200) with volume of 300 mL, flow 




A polyelectrolyte-promoted FO-MD hybrid process has been conceptualized and 
successfully applied to the acid dye-contained wastewater treatment. The following 
remarks can be concluded from this study.  
1) Polyelectrolyte is an effective draw solute in wastewater treatment. The high stability 
and negligible salt leakage of PAA-Na (1200) draw solute demonstrates its superiority 
over other newly developed draw solutes [25] and commonly used inorganic salt 
counterparts. Such characteristics not only lower the replenishment cost of PAA-Na 
(1200) but also ensure the product quality. Hence its application can be extended to 
membrane-based protein or pharmaceutical product enrichment where high product 
quality is required.   
2) The sustainable FO-MD hybrid process is more efficient than the individual FO process 
in wastewater treatment. The incorporation of a MD process into a FO process provides 
a simple but efficient way to recover the draw solution diluted in the FO process. The 
stability and repeatability of the FO-MD processes illustrate the practicability of such 
hybrid system in wastewater treatment. This study may open the way for the 
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The development of hollow fiber membranes with desirable morphology, permeation flux, 
energy efficiency and wetting resistance is of crucial importance and challenge. Therefore, 
in this study, a systematic investigation on the key factors involved in the fabrication of 
MD hollow fiber membranes is investigated. The MD performance and mass transport 
phenomena through membranes were explored. In order to enhance the MD performance, 
the dual-layer hollow fiber membranes have been further developed. Subsequently, the 
multi-bore hollow fibers are also developed with DCMD and VMD configurations. Since 
MD process can be integrated into the existing separation processes, the integrated FD-
MD process and FO-MD is demonstrated and investigated. Based on above studies, the 
following conclusions can be drawn. 
 
9.1.1 Morphological design of dual-layer hollow fiber DCMD 
Design of micro-structure on the PVDF dual-layer hollow fiber membranes is an effective 
method to enhance the MD performance. We have designed a novel dual-layer hollow 
fiber with a fully finger-like inner-layer and a totally sponge-like outer-layer. The resultant 
dual-layer membranes show enhanced DCMD performance without scarifying the 
membrane wetting resistance. With the membranes with the designed micro-structure, a 




 has been attained. The LEP values of dual-layer fibers 
are 0.3 bar lower than the single-layer hollow fibers. This indicates the minimum sacrifice 
wetting resistance. The modeling of heat and mass transfer process is performed to verify 
the contribution of the proposed structure. It shows that the dual-layer fiber has a much 




9.1.2 Design of lotus-root-like multi-bore hollow fiber membrane for DCMD 
We have studied the fabrication and performance of the multi-bore fiber (MBF) 
membranes with lotus root-like geometry for DCMD application. A 7-needle spinneret 
with 7 uniformly distribute needles are fabricated for MBF membrane spinning. The 
mechanical properties of MBF membranes are much better than the single bore and 
rectangular MBF membranes. The DCMD performance of MBF membranes is slightly 
lower than the traditional single-bore hollow fiber owing to the compensation of effective 
vapor condensation area. This gap can be minimized by lowering the dope flowrate or 
increasing the take-up speed. The 300 h continuous DCMD experiment has shown 
superior long-term operation stability of MBF membranes. Finally, MBF membranes with 
regular packed bore geometry have been attained under different bore flowrate, dope 
flowrate and take-up speed. The relative size of center bore channel tends to decrease with 
reducing bore flowrate. Under take-up drum stretching, the lotus-root structure gradually 
becomes the wheel structure as the take-up speed increases. 
 
9.1.3 Highly asymmetric multi-bore hollow fiber membrane for VMD 
MBF membranes with a different micro-structure (a tight contact surface pore and porous 
cross-section) have been tailor-made for VMD application. The newly fabricated MBF 
membrane is proven as a preferred configuration as compared with the SBF membrane 
due to the larger effective evaporation surface, higher mechanical strength and improved 
wetting resistance. Among four types of membrane post treatments, both (1) freeze dry 
and (2) a combination of IPA, hexane and then air dry methods are able to maintain pore 
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structure, minimize membrane shrinkage and ensure high VMD performance. MBF 
membrane at VMD configuration shows higher flux than the DCMD configuration. The 
MBF membrane exhibits a better VMD flux and thermal efficiency for the mode of feed at 
the lumen side due to a larger effective surface area and a reduced thermal loss to the 
surrounding. The VMD flux and thermal efficiency increase dramatically with increasing 
feed flowrate and/or decreasing vacuum pressure.  
 
9.1.4 A conceptual demonstration of freeze desalination-membrane distillation 
hybrid desalination process utilizing LNG cold energy 
A hybrid freeze desalination-membrane distillation (FD-MD) process for desalination is 
designed and systematically explored which utilizes waste cold energy. The concept of 
hybrid FD-MD process utilizes the indirect-contact freeze desalination (ICFD) and direct 
contact membrane distillation (DCMD) configurations as an example. Drinkable clean 
water has been successfully produced by the hybrid process with a total water recovery of 
71.6%. We have optimized the operation parameters in FD and MD processes separately. 
Then the hybrid FD-MD experiments have been performed at the selected FD and MD 
operation parameters. There is an accelerated increase of salt concentration in the retentate 
of MD, thus permeation flux of water shows a continuous decrease.  
 
9.1.5 Investigation on forward osmosis-membrane distillation hybrid process  
A FO-MD hybrid process has been conceptualized and successfully applied to the acid 
dye-contained wastewater treatment. A novel polyelectrolyte solution is employed as the 
draw solution. Polyelectrolyte is found as an effective draw solute in wastewater treatment. 
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The sustainable FO-MD hybrid process is more efficient than the individual FO process in 
wastewater treatment. The incorporation of a MD process into a FO process provides a 
simple but efficient way to recover the draw solution diluted in the FO process.  
 
9.2 Recommendations and future work 
Based on the experimental results obtained, discussions presented and conclusions drawn 
from this research, the following recommendations may provide further insight for future 
investigations related to the development of membrane materials with potentially high 
separation properties and the innovation of membrane fabrication technology. 
 
 Investigation of fabricated dual-layer hollow fiber membranes with other MD 
configurations, i.e., AGMD, SGMD. 
 Exploring the membrane separation performance with real seawater. A further 
investigation on the membrane performance and long-term stability under actual 
seawater is recommended to bring the know-how technology close to industrial 
practices.  
 Investigation of energy efficiency of FD-MD and FO-MD hybrid processes. 
 Investigation of other MD configurations in the hybrid FD-MD or FO-MD processes. 
 Exploring the use of dual-layer hollow fibers and MBF membranes for hybrid FD-MD 
and FO-MD processes. 
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Appendix 1: Derivation Of Apparent Diffusivity In A DCMD 
Process 
The mathematical modeling of heat and mass transfers using microporous hollow fiber 
configurations for DCMD processes is described in this section. Based on the enthalpies 
change of feed and permeate streams, the heat fluxes can be calculated as:  
 
)( ,,, outfinffpfF TTCmQ                                                                                                (A1.1) 
)( ,,, inpoutppppP TTCmQ                                                                                                (A1.2) 
 
At steady state DCMD operation, the heat transfer of feed and permeate streams ( FQ  and 
PQ ) as well as membrane matrix ( mQ ) should be the same. In this regards, the heat flux 
can be calculated as the average enthalpies change from both feed and permeates sides.  
 
2/)( PFaveragess QQQQ                                                                                             (A1.3) 
 
The steady state heat flux ( ssQ ) can also be expressed as boundary-layer heat transfer 
using the convective heat transfer coefficients. 
 
)( ,mffoffss TTAhQQ                                                                                              (A1.4) 




In order to evaluate the heat transfer coefficient fh and ph , empirical or semi-empirical 
correlations are referred to the two correlations . Properties used in the correlations are 
estimated under the logarithm mean temperature between inlet and outlet temperatures of 
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With equations and correlations obtained, membrane surface temperatures for both feed 














T ,                                                                                                             (A1.9) 
 
By neglecting the mass transfer resistances at two boundary layers, the trans-membrane 





















is the logarithm mean fraction of air in membrane pores and can be estimated 
using the vapor pressures at both membrane surfaces. In addition, the water vapor pressure 



























07131.8log *10                                                                                    (A1.12) 
       
Eventually, the apparent diffusivity ( aD ) can be derived as an indication of trans-
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